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ABSTRACT 


The  effects  of  carbon  dioxide  (CO2)  laser  irradiation  of  the  cor¬ 
nea  on  the  anterior  segment  of  the  rabbit  eye  have  been  investigated. 
Corneal  temperature  elevations  have  been  correlated  with  previously  re¬ 
ported  comeal  tissue  changes.  The  average  steady  state  corneal  sur¬ 
face  temperature  at  CO2  laser  irradiation  levels  considered  to  be  safe 
(100  mW/cm2 )  was  determined  to  be  5.5°C,  at  200  mW/cm2,  where  irrevers¬ 
ible  injury  occurs,  it  was  less  than  10°C,  and  at  380  mW/cm^  it  was  less 
than  15°C.  Cn  continuous  corneal  irradiation  at  100  mW/cn2,  there  was 
essentially  no  elevation  in  intraocular  pressure;  at  350  mW/cm2,  there 
was  an  elevation  of  20  nm  Hg.  Pulsed  irradiation  of  the  center  of  the 
cornea  resulted  in  a  transient  increase  in  aqueous  humor  temperature  and 
in  aqueous  humor  pressure.  Anterior  lenticular’  indentation,  which  was  not 
evident  on  dissection  but  observed  on  fixation  in  glutaraldehyde ,  was 
determined  as  due  to  concomitant  temperature  and  pressure  elevations  in 
the  anterior  chamber.  The  lens  indentation  was  probably  due  to  a  combina¬ 
tion  of  temperature  at  the  lens  surface  in  excess  of  60°C  together  with 
a  rise  in  pressure  in  the  anterior  chamber.  The  temperature  and  pressure 
elevations  necessary  to  cause  lens  indentation  following  glutaraldehyde 
fixation  were  associated  with  corneal  flattening.  Cn  spectroscopic  deter¬ 
mination  of  aqueous  protein  in  these  studies,  the  concentration  was  maxi¬ 
mum  following  irradiation  over  the  center  of  the  iris.  Delayed  alter¬ 
ations  in  lens  glutathione,  ascorbic  acid  and  soluble  lens  proteins  oc¬ 
curred  on  suprathreshold  irradiation  of  the  corneas  of  weanling  rati its. 
The  decrease  in  ascorbic  acid  has  been  observed  by  others  cn  irradiation. 


xi 


at  specific  wavelengths  in  the  electromagnetic  spectrum.  The  lens  glu¬ 
tathione  decrement  'was  probably  not  due  to  an  increased  conversion  to 
oxidized  glutathione,  and  was  coincident  with  an  alteration  in  electro¬ 
phoretic  mobility  observed  in  soluble  lenticular  proteins.  This  de¬ 
crease  in  electrophoretic  mobility  was  greatest  in  the  3  and  a  crystaiiins. 

These  results  provide  information  regarding  the  mechanism  of  injury 
on  accidental  ocular  exposure  to  CO2  laser  radiation,  and  consequently 
should  permit  better  management  of  accidents.  Furthermore,  the  findings 
show  that  the  CO2  laser  can  be  used  as  a  tool  both  for  the  investigations 
of  the  responses  of  ocular  tissue  to  controlled  heating  and  for  obtaining 
basic  information  regarding  the  anterior  segment  of  the  eye. 


FOREWORD 


The  elect rar.agr.etic  radiation  emitted  by  the  carbon  dioxide  (COj) 
laser  at  10.6  u  is  potentially  harmful  to  all  biological  material. 

The  potential  hazard  from  this  radiation  results  from  the  combination 
of  collimated  high  power  density  (i.e.,  power  intensity)  outputs  avail¬ 
able,  the  low  absorption  of  the  radiation  by  the  atmosphere,  the  large 
beam  reflectivity  by  metal  surfaces  and  the  high  absorptivity  of  tissues. 
The  anterior  segnent  of  the  eye  is  especially  vulnerable  to  damage  from 
this  radiation  because  of  its  exposed  position  plus  the  functional 
requirement  of  the  tissues  along  the  visual  aids  to  remain  transparent. 

The  investigation  of  the  physical  and  biological  occurrences  during 
deliberate  quantitated  laser  injury  of  tissue  should  provide  an  insight 
into  more  knowledgeable  management  of  accidental  injuries .  Furthermore, 
results  of  such  studies  may  increase  knowledge  of  the  physiology  of  the 
tissue  investigated. 

This  research  is  concerned  with  the  effects  of  C02  laser  radiation  on 
biological  tissue,  in  particular,  the  anterior  segment  of  the  rabbit  eye. 

The  first  section.  Introductory  in  nature,  is  divided  into  tv:c  parts. 
The  first  part  is  a  discussion  of  the  basic  aspects  of  the  carton  dioxide 
laser.  The  second  part  provides  pertinent  information  regarding  the 
morphology,  physiology  and  biochemistry  of  the  anterior  segment  of  the 
rabbit  eye,  as  well  as  responses  of  this  region  to  injury. 

The  second  section,  Chapter  I,  is  a  review  of  literature  concerning 
one  action  of  C02  laser  radiation  on  biological  material. 
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The  third  section,  Chapter  II,  describes  an  investigation  of  the 
relationship  between  the  power  density  of  the  CO 2  laser  radiation 
Inpinging  on  the  comeal  surface  and  the  resultant  steady- state  eleva¬ 
tion  of  the  temperature  of  the  anterior  segment  of  the  eye.  The  rela¬ 
tionship  between  the  corneal  surface  temperature  elevation  and  the 
threshold  for  permanent  damage  on  continuous  irradiation  was  determined 
experimentally.  Also,  the  steady- state  comeal  surface  and  anterior 
chamber  temperatures  were  simultaneously  measured  over  a  range  of  supra- 
threshold  power  density  irradiations.  The  findings  of  this  section 
should  enable  one  to  correlate  elevations  of  ccmeal  temperature  with 
resultant  tissue  damage.  Furthermore,  the  data  permit  estimation  of 
the  steady- state  temperature  of  the  anterior  chamber  by  means  of  a  simp 
corneal  surface  temperature  measurement  on  CO2  laser  irradiation. 

The  fourth  section,  Chapter  III,  presents  an  investigation  of 
changes  in  the  anterior  segment  of  the  eye  during  comeal  irradiation. 
Pressure  and  temperature  were  measured  in  the  anterior  chamber  during 
both  continuous  suprathreshold  power  density,  as  well  as  pulsed  higher 
power  density  focused  irradiations  of  the  cornea,  and  their  relaticnshi 
to  lens  alterations  is  discussed.  This  chapter  also  contains  descripti 
of  the  transient  flattening  of  the  cornea  during  irradiation  and  the 
resultant  decrease  in  the  depth  of  the  anterior  chamber.  .Alterations  0 
the  concentration  of  the  aqueous  humor  protein  cr.  irradiation  are  dis¬ 
cussed. 

The  fifth  section.  Chapter  IT/,  describes  an  investigation  of  the 
alterations  of  the  gross  morphology  of  cornea,  iris,  and  lens  following 


continuous  relatively  high  power  CO2  irradiation  of  the  cornea.  Con¬ 
comitant  alterations  of  the  electrophoretic  pattern  of  soluble  lenticular 
proteins,  and  alteration  of  lenticular  ascorbic  acid  and  reduced  gluta¬ 
thione  were  measured. 

The  sixth  section,  Appendices ,  contains  a  description  of  the  CO2 
laser  and  associated  equipment  'used  in  these  investigations;  the  method 
and  equipment  used  for  the  electrophoresis  of  soluble  ocular  proteins, 
and  methods  and  techniques  employed  for  the  determination  of  ascorbic 
acid,  and  of  reduced  and  oxidized  glutathione  are  discussed. 
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INTRODUCTION 

The  term  laser  is  an  acronym  for  Light  Amplification  'ey  Stimulated 
Snission  of  Radiation.  Laser  output  is  relatively  coherent,  mono chro¬ 
matic  electromagnetic  radiation.  A  large  number  of  substances  are 
capable  of  producing  laser  radiation;  their  lasing  output  wavelengths 
range  from  the  ultraviolet  through  the  visible  to  the  Infrared  portion 
of  the  electromagnetic  (EM)  spectrum.  Lasers  are  presently  available 
with  pulsed  power  outputs  as  high  as  terrawatts  (1012  watts). 

In  their  reviews  of  the  biological  effects  of  laser  radiation, 

Pine  and  Klein  (1965)  reported  that  the  first  definitive  proposals  for 
utilizing  the  principle  of  stimulated  emission  were  made  independently 
by  Townes  et  al.,  by  Weber,  and  by  Basov  and  Prokhorov.  In  1355, 

Gordon,  Zeiger  and  Townes  reported  the  first  successful  application  of 
amplification  by  stimulated  emission  with  an  ammonia  maser  (Microwave 
Amplification  by  Stimulated  Emission  of  Radiation).  In  1958,  Shaw lew 
and  Townes  proposed  extension  of  this  principle  to  the  visible  region  of 
the  EH* spectrum  and  in  i960  Hainan  succeeded  in  obtaining  lasing  action 
from  ar.  artificial  ruby  rod  excited  with  light  from  a  xenon  flash  lamp. 
The  output  of  this  solid-state  laser  was  a  one  millisecond  pulse  in  the 
red  (59^  nm)  region  of  the  spectrum. 

The  helium  neon  (HeNe)  laser  was  the  first  gas  laser  capable  of 
producing  a  continuous  wave  (cw)  laser  output  in  the  'visible  portion  of 
the  HM  spectrum  at  632.8  m. 

The  carbon  dioxide  laser  was  first;  described  by  Patel  (1965). 

This  molecular  laser  containing  CCg  ^2  can  Prc'duce  a  continuous 
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output  in  the  middle  infrared  portion  of  the  EM  spectrum  at  10. Su. 

Patel,  Hen  and  McFee  (1965)  reported  that  the  addition  of  helium  to 
the  CO2  and  N2  Increased  the  laser  power  output. 

Basic  Aspects  of  the  C02  laser 

The  following  information  was  obtained  in  part  from  Fine  and  Klein 
(1965)  and  Siegenan  (1971).  A  simplified  graphical  display  of  the 
initial  phase  of  the  lasing  process  for  many  lasers,  and  specifically 
for  the  CO 2  laser  is  shown  in  Figure  In-1.  The  active  element  of  the 
C02  laser  is  gaseous ,  in  contradistinction  to  the  ruby  laser,  which  is 
in  the  solid  state.  Gaseous  CO2,  N2  and  He  are  electrically  excited  in 
a  water-cooled  glass  tube  called  a  plasma  tube  or  chamber.  The  ordinate 
of  Figure  In-1  indicates  the  energy  level;  Eq  is  the  unexcited  ground 
state  of  the  molecule,  and  Ei_  a  discrete  higher  energy  level.  The 
electrically  stimulated  helium  molecules  collide  with  and  elevate  the 
nitrogen  molecules  to  a  higher  energy  level,  Ej_.  The  energy  difference 
between  -  EQ  for  nitrogen  is  similar  to  that  of  carbon  dioxide;  conse¬ 
quently,  the  energy  is  transferred  readily  from  the  nitrogen  to  the 
carbon  dioxide  molecule.  The  nitrogen  molecule  descends  in  a  series  of 
energy  level  steps  to  the  ground  state. 

'When  more  carbon  dioxide  molecules  are  at  an  energy  level  E^  than 
at  an  energy  level  Z2,  a  population  inversion  is  said  to  exist  between 
these  levels. 

Initiation  of  the  lasing  process  occurs  -when  the  energy  of  one 
molecule  drops  from  the  Ej_  level  to  E2  (Step  [2]).  The  wavelength  of 
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the  electromagnetic  energy  released  in  this  descent  is  a  function  of 

El-Eo 

the  -  E2  distance  in  joules  in  which  v  3  .  .where  \>  -  the  frequency 

in  Hertz  and  h  »  Planck's  constant  (6.5  x  10"3^  joule-sec).  The  wave- 
length  in  microns ,  X  *  i ,  where  C  3  speed  of  light  (3  x  10  microns/ 
second) . 

The  initial  emission  stimulates  the  descent  of  adjacent  molecules 
or  ions  from  their  elevated  energy  levels.  This  is  graphically  illus¬ 
trated  in  Figure  In-2,  where  the  photons  are  added  in  phase. 

This  released  electromagnetic  energy  is  produced  in  the  plasma  tube 
located  between  two  parallel  mirrors ;  the  distance  between  the  mirrors 
is  a  function  of  the  emitted  radiation  wavelength.  The  large  ratio 
between  the  mirror  distance  and  the  plasma  chamber  diameter  serves  to 
collimate  the  radiation.  The  parallel  end  windows  reflect  the  radiation 
causing  more  stimulated  emission;  if  a  constant  population  inversion 
process  occurs,  the  emitted  radiation  can  be  continuous;  otherwise,  the 
emitted  radiation  is  in  pulses .  One  of  the  chamber  mirrors  is  approxi¬ 
mately  1Q0T  reflective;  the  reflection  of  the  other  is  less  than  1CCT. 
This  less  reflective  window  allows  a  fraction  of  the  total  energy  in 
the  laser  cavity  to  exit  the  chamber.  The  energy  which  exits  the  cavity 
is  essentially  monochromatic,  coherent  and,  because  of  the  geometry  of 
the  laser  cavity,  collimated.  The  collimation  produces  a  nearly  parallel 
path  of  radiation  ’with  little  beam  divergence. 

The  carbon  dioxide  laser  has  been  used  for  a  host  of  applications , 
both  industrial  and  medical;  many  units  are  commercially  available  for 
either  of  these  applications.  The  focused  output  has  teen  used  in 


industry  to  drill,  cut  or  scribe  ceramics,  netals  and  many  other 
materials.  It  has  been  used  experimentally  as  a  "hot”  knife  in  an 
attempt  to  carry  out  essentially  blood-free  surgical  operations  and  in 
the  removal  of  certain  tumors  by  ablation.  At  present,  however,  it 
remains  only  an  experimental  tool  in  medicine.  Use  of  the  beam  in  the 
study  of  atmospheric  pollution  has  been  proposed  because  of  the  dif¬ 
ferential  in  attenuation  of  the  beam  by  air  and  certain  atmospheric 
pollutants . 

The  Anterior  Segment  of  the  Normal  Rabbit  Eye 
In  this  section  we  will  discuss  the  specific  aspects  relating  to  th 
anatomy ,  physiology  and  biochemistry  of  the  anterior  segment  of  the 
normal  rabbit  eye  pertinent  to  these  investigations.  According  to  Prir.c 
(196^a),the  rabbit  cornea  is  a  clear  structure  about  3C0  u  thick  in  the 
young,  and  500  u  in  the  mature  animal,  composed  of  four  distinct  regions 
the  outermost  layer  of  epitheliun,  the  underlying  stroma,  Descemet's 
membrane,  and  the  innermost  layer  of  endothelial  cells.  According  zo 
Fine  and  Yanoff  (1972),  the  endothelium  of  the  cornea  is  a  misnomer  and 
might  be  more  accurately  termed  a  mesotheliin  in  that  an  endothelium,  is 
a  layer  of  cells  lining  a  vascular  or  lymphatic  channel,  whereas  nesc- 
thelial  cells  line  body  cavities.  They  cite  evidence  that  the  ccrr.eal 
"endothelial"  cells  can  respond  pathologically  in  a  manner  characterised 
of  nesothelial  cells.  To  avoid  confusion,  however ,  references  to  this 
layer  'will  ’use  the  conventional  term,  endothelial.  The  epithelium  is 
about  five  cell  layers  deep.  The  outermost  layer  consists  of  flat 
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squamous  cells.  The  epithelial  basement  membrane  (tm)  is  observable 
test  by  transmission  electron  microscopy.  Its  presence  can  be  readily 
suspected  in  light  microscopy  by  the  slight  periodic  acid-Schiff  (PAS) 
positivity  which  may  be  observed  in  this  plane  (B.  3.  Fine,  personal 
cccmuni cation,  1972) .  Unlike  the  human  cornea,  the  rabbit  cornea  dees 
not  have  an  easily  recognized,  distinctive  zone  (i.e.,  Bowman's  membrane) 
between  the  epithelial  layer  and  the  stroma.  About  90%  of  the  thickness 
of  the  entire  cornea  is  stroma,  composed  of  Interlacing  bands,  each  of 
which  is  composed  of  fine  collagen  fibrils  whose  axes  are  roughly  paral¬ 
lel  to  the  corneal  surface .  The  fibrils  are  roughly  equally  spaced 
from  one  another  and  are  surrounded  by  a  mucopolysaccharide  containing 
ground  substance.  Normally,  the  stroma  is  maintained  in  a  relatively 
dehydrated  state.  Descemet's  membrane  is  a  layer  (approximately  10  u 
thick)  separating  the  posterior  surface  of  the  stromal  layer  from  the 
endothelial  cells  and  is  considered  to  be  the  basement  membrane  of  the 
endothelial  cells.  The  single  layer  of  endothelial  cells  comprise  the 
innermost  layer  of  the  cornea. 

The  anterior  chamber  is  normally  filled  with  aqueous  hur.cr  ("aqueous"). 
The  chamber  is  bounded  anteriorly  by  the  curved  posterior  surface  of  the 
cornea  and  posteriorly  by  the  iris  and  pupillary  surface  of  the  lens. 

The  volume  of  the  anterior  chamber  in  the  weanling  rabbit  eye  is  less 
than  2CG  u  1  and  the  maximum  depth  along  the  visual  axis  is  about  2bm. 

The  adult  eye  chamber  volume  is  approximately  25C  u  L  and  the  depth  is 
3  tm.  The  anterior  chamber  aqueous  humor  is  in  fluid  contact  with  that 
of  the  smaller  posterior  chamber  which  contains  about  one-fifth  the 
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volume  of  the  anterior  chapiter  (Prince,  1964a).  The  avascular  lens  and 
cornea  are  mainly  dependent  on  the  aqueous  humor  for  normal  metabolism 
(Davson,  1969).  Apart  from  its  role  in  metabolism,  a  normal  steady 
state  influx -efflux  relationship  is  necessary  to  sustain  the  intraocular 
pressure  at  approximately  20  -cm  Kg  above  atmospheric  pressure.  This 
maintenance  of  adequate  intraocular  pressure  is  necessary  in  order  to 
maintain  an  optically  smooth  arc  at  the  corneal  refracting  surface. 

The  entire  iris,  including  the  ciliary  processes,  is  well  supplied 
with  blood,  mainly  by  branches  from  the  ciliary  artery .  Ln  the  rabbit 
eye  the  posterior  surface  of  the  iris  has  approximately  30  radially- 
distributed  structures.  These  structures  have  been  termed  by  Kczart 
(1971)  as  either  iridial  or  ciliary  on  the  basis  of  their  location. 

The  iridial  processes  are  the  more  prominent  of  the  two.  Many  cf  the 
iridial  processes  are  in  contact  with  the  anterior  pre-equatoriai  sur¬ 
face  of  the  lens  (Langley,  Mortimer  and  McCulloch,  I960).  In  contrast, 
the  ciliary  processes  of  the  adult  human  eye  are  located  on  the  anterior 
portion  cf  the  ciliary  body  and  usually  cease  (merely  adjoin)  at  the 
base  of  the  posterior  iridial  surface. 

Occasionally,  in  the  human ,  a  process  arises  directly  from  the 
posterior  surface  of  the  peripheral  iris .  Such  an  occasional  finding  is 
considered  vestigial  (B.  S.  Tine,  personal  communication) .  The  entire 
iris,  including  the  ciliary  processes,  is  highly  vascular.  Cbser/aticr. 
of  the  posterior  surface  of  the  normal  albino  rabbit  iris,  following 
removal  of  the  lens  from  the  enucleated  eye,  shews  a  high  degree  of 
vascularity  in  the  fin-shaped  ciliary  processes,  reports  by  others  cf 
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microscopic  examination  of  sections  of  rabbit  irides  Indicated  that 
there  are  numerous  arteriovenous  anast  noses  (Ruskell,  196*0.  Although 
the  iris  is  considered  to  function  primarily  as  a  diaphragt,  the  pres¬ 
ence  of  these  shunts  suggests  that  the  iris  may  also  be  concerned  with 
heat  regulation.  Similar  arteriovenous  shunts,  probably  concerned  with 
heat  regulation,  are  found  in  areas  of  the  skin  (Bloom  and  Fawcett, 

1968). 

According  to  Prince  and  Eglitis  (196^b),  the  lens  is  suspended  by 
a  ring  of  suspensory  ligaments  (the  zonule  of  Zinn)  connected  to  the 
poorly  developed  ciliary  body.  These  fine  filamentous  structures  are 
inserted  into  the  anterior  and  posterior  equatorial  regions  of  the  lens. 
The  rabbit  lens  is  a  bi -convex  structure  surrounded  by  a  partly  collagen¬ 
ous  structure,  the  lens  capsule.  The  lens  capsule  is  said  to  be  a  base¬ 
ment  membrane  secreted  by  the  underlying  lens  cells.  Subjacent  tc  the 
entire  anterior  lens  capsule  is  a  single  layer  of  cuboidai  epithelial 
cells.  Upon  reaching  the  lens  equator  (Bow  region)  the  peripheral  epi¬ 
thelial  cells  extend  in  length.  These  fibers  (elongated  cells)  continue 
to  lengthen,  extending  anteriorly  and  posteriorly;  the  anterior  ends  of 
the  fibers  insinuate'  themselves  'under  the  epithelial  cell  layer  and  the 
posterior  ends  move  between  the  capsule  and  existing  fibers.  Fibers 
interdigitate  at  the  sutural  regions.  The  rabbit  lens  has  a  visible 
vertical  anterior  and  a  hori  zental  posterior  sutural  region  which  delineat 
both  anterior  and  posterior  surfaces  into  semi -circles .  The  flat  hexa¬ 
gonal  fiber  dimensions  are  reportedly  13  u  by  ?  u.  Each  fiber  is  bounded 
by  a  membrane  approximately  5  mu  thick. 
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Davson  (1969)  lists  two  general  theories  concerning  the  formation 
of  posterior  chamber  aqueous  hunor.  The  first  proposes  that  the  plasma 
is  filtered  through  the  capillaries  of  the  ciliary  processes.  Certain 
constituents  of  this  filtrate  are  absorbed  by  the  cells  of  the  ciliary 
processes,  then  are  secreted  into  the  posterior  chamber.  Thereby,  the 
aqueous  hunor  and  plasma  concentrations  of  seme  substances  would  differ. 
The  second  theory  states  that  the  capillary  filtrate  may  flow  between 
the  cells  of  the  ciliary  epitheliun  and  pass  into  the  posterior  chamber. 
During  this  passage,  the  concentration  of  certain  substances  might  be 
either  reduced  or  increased  by  the  epithelial  cells . 

The  capillary  filtration  mechanism  acts  as  follows:  Large  molecular 
weight  substances  (e.g.,  pl2sma  proteins)  traverse  the  capillary  membrane 
poorly;  small  non-colloidal  plasma  constituents  (e.g.,  creatinine,  urea) 
cross  the  membrane  with  little  hindrance.  Lipid-soluble  compounds  (e.g., 
ethanol)  readily  pass  fran  the  capillaries. 

The  epithelial  cells  of  the  ciliary  processes  are  not  penetrated 
by  the  plasma  proteins.  Therefore,  this  layer  of  cells  acts  as  a  second 
impediment  to  the  passage  of  these  substances  from  the  plasma  to  the 
aqueous  honor.  The  . concentration  of  plasma  proteins  in  the  rabbit  aque¬ 
ous  hunor  compared  with  the  plasma  concentration  is  50  mg5  compared  to 
6,000  to  7,000  mg*.  The  epithelial  cells  may  also  serve  as  an  impediment 
to  smaller,  water-soluble  substances,  such  as  urea.  This  action  nay  be 
analogous  to  molecular  sieving  of  colum  chromatography .  The  concentra¬ 
tion  of  urea  in  the  rabbit  aqueous  hur.or  is  7mM  compared  with  the 
plasma  concentration  of  9.1  n.M. 
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Lipid-soluble  substances  readily  traverse  the  epithelial  cells  and 
enter  the  posterior  chamber.  The  aqueous  hirer  concentration  of  ethanol 
can  equal  that  of  the  plasma. 

Certain  substances  are  actively  transported  by  the  epithelial  cells 
and,  as  a  result,  their  concentration  in  the  aqueous  humor  exceeds  that 
of  the  plasma.  For  example,  in  the  rabbit  eye  the  relative  concentra¬ 
tion  of  ascorbic  acid  in  the  posterior  chamber  is  1.3  m?4  compared  with 
a  plasma  concentration  of  0.02  rnM. 

A  proportion  of  the  solutes  in  the  aqueous  humor  is  derived  from 
iridial  diffusion.  Experiments  with  intravenously  injected  indi¬ 
cated  that  the  turnover  of  this  substance  is  dependent  on  the  rate  of 
turnover  of  the  aqueous  hirer  as  a  whole.  Activity  of  the  ciliary  epi¬ 
thelium  results  in  a  higher  sodirn  concentration  in  the  posterior  than 
in  the  anterior  chamber.  There  is  said  to  be  a  considerable  amount  of 
diffusion  of  this  substance  directly  from  the  iris  into  the  anterior 
chamber,  however.  If  the  total  rate  of  flow  were  halved  (e.g.,  from 
the  action  of  drugs)  the  rate  of  turnover  in  the  posterior  chamber  is 
therefore  said  tc  be  one-quarter  the  original.  Such  a  decreased  flew 
from  the  posterior  chamber  would  result  in  an  increased  volute  of  fluid 
diffusing  into  the  anterior  chamber  from  the  iris. 

Under  normal  circumstances,  the  greater  percentage  cf  aqueous  humor 
flows  from  the  posterior  chamber  into  the  anterior  chamber.  The  greater 
percentage  of  this  fluid  exits  from  the  rabbit  eye  by  percolating  through 
the  pectinate  ligaments  and  trabecular  meshwerk  in  the  angle  of  the 
anterior  chamber.  The  humor  then  enters  the  general  circulation  by  means 


u 


of  the  trabecular  veins,  a  structure  analogous  to  the  canal  of  Schlerrm 
in  the  hunan  eye.  In  the  monkey  and  rabbit,  a  small  percentage  of  the 
aqueous  himor  (3  and  2Q%,  respectively)  exits  the  eye  across  the  uveal 
tissue  into  the  suprachoroidal  space.  Also,  there  is  said  to  be  a 
meridional  flow  of  aqueous  hunor  in  the  rabbit  eye  which  passes  through 
the  posterior  chamber  and  crosses  the  retina  into  the  choroid  layer. 

Thermal  currents  exist  in  the  anterior  chamber  of  the  living 
mammalian  eye.  Adler  (1965)  states  that  the  currents  initially  result 
from  an  ascent  of  a  portion  of  the  aqueous  honor  heated  by  contact  with 
the  iris;  upon  contact  with  the  cooler  cornea  the  temperature  of  the 
liquid  is  decreased.  On  cooling,  the  density  of  the  aqueous  hunor 
increases,  causing  it  to  descend  to  the  inferior  region  of  the  anterior 
chamber.  This  situation  assumes  that  the  optical  axis  of  the  eye  is 
horizontal  and  that  the  ambient  temperature  is  much  less  than  that  of 
the  iris.  In  testimony  to  the  presence  of  these  thermal  currents,  Adler 
(1965)  cites  the  Kruckenberg  spindle,  observed  clinically  in  certain 
ocular  diseases.  This  spindle-shaped  or  vertical  linear  formation  con¬ 
sists  of  pignented  material  or  cellular  debris  and  is  observed  adhering 
to  the  posterior  corneal  surface.  The  shape  of  the  formation  is  assumed 
to  result  from  thermal  circulation  in  the  anterior  chamber.  A  deposit 
of  material  is  observed  at  the  base  of  these  formations  indicatirg  a 
descending  flow  pattern.  In  reference  to  thermal  currents,  Davson  (1969 
referred  to  the  appearance  of  vertical  meridional  streaks  of  fluorescein 
on  the  posterior  corneal  surface  following  intravenous  injections  of  the 
dye. 
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When  the  art  lent  temperature  of  the  air  is  approximately  25°  C,  a 
temperature  gradient  exists  between  the  cornea  and  the  iris.  Under 
these  conditions,  the  highly  vascular  surface  of  the  iris  has  a  tempera¬ 
ture  of  approximately  3t0  1 ,  whereas  the  temperature  of  the  comeal  sur¬ 
face  is  approximately  21.5°  C  externally  and  32°  C  internally  (Schwartz 
and  Feller,  1962).  Increased  ambient  temperatures  could  result  in  con¬ 
tinued  heating  of  the  comeal  surface  with  resultant  increases  of  the 
temperature  of  the  underlying  aqueous  humor.  If  the  aqueous  honor  in 
contact  with  the  posterior  surface  of  the  cornea  had  teen  heated  to  mere 
than  40°  C,  there  would  be  a  reversed  2°  C  temperature  gradient  between 
aqueous  humor  and  iridial  blood  temperature.  This  situation  might  estab¬ 
lish  a  reverse  cycle  of  thermal  currents  in  which  the  heated  aqueous 
honor  ascends  along  the  posterior  face  of  the  cornea. 

Lens  Proteins 

Crystallins  and  ether  lenticular  proteins  (e.g.,  enzymes)  are  syn¬ 
thesized  in  the  lens  from  appropriate  amino  acids  obtained  from  the 
aqueous  hunor.  According  to  Cole  (1970),  the  greater  part  of  the  meta¬ 
bolic  energy  of  the. lens  is  expended  in  these  syntheses.  The  amino  acids 
are  actively  transported  across  the  lens  epithelium  into  the  lens  from 
the  aqueous  humor.  In  general,  the  concentration  of  amino  acids  in  the 
aqueous  humor  of  the  rabbit  is  greater  than  that  of  the  plasma.  Amino 
acids  are  actively  transported  into  the  aqueous  hunor  from  she  ciliary 
processes;  therefore,  alterations  in  the  iridial  bleed  flow  could  alter 
the  amino  acid  concentrations  in  the  aqueous  hunor. 
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The  lens  fibers  contain  two  groups  cf  proteins  based  on  their 
solubilities  in  lens  homogenates.  The  three  soluble  proteins  arranged 
in  order  of  decreasing  solubilities  are  alpha,  beta  and  garna  crystai- 
lins.  The  insoluble  protein  is  termed  alb 'mine id.  Although  considered 
as  soluble  proteins,  the  crystal! ins  in  situ  are  present  in  such  high 
concentrations  that  they  form  an  ordered  gel  Cluck,  1?^C ;  Specter,  1971). 

According  to  Waley  (1969)  a  crystailin  comprises  about  one-third 
of  the  lens  protein.  Originally,  a  crystailin  was  separated  by  precipi¬ 
tation  from  a  lens  homogenate  by  increasing  the  acidity  of  the  solution 
to  a  pH  of  5.^.  This  crystailin  was  termed  cu,  by  Spector  (1971),  as  he 
was  able  to  precipitate  a  second,  nearly  identical  crystailin  (  ) 

from  the  same  homogenate  cf  bovine  lens  by  the  addition  of  ethanol  to  a 
final  concentration  cf  13  percent.  Spector  (ibid)  reported  that  the 

sulfhydryi  (-SK  )  content  of  these  two  subgroups  was  nearly  identical 

1  a 

(approximately  ons-SH  per  2xiC~  dalton  subunit.  The  approximate  molecu¬ 
lar  weight,  of  the  a  crystailin  macromolecule  is  1x10°  dalton). 

In  an  electrophoretic  field  of  pH  8  or  greater,  the  a  crystallins 
migrate  a  greater  distance  toward  the  anode  than  do  3  or  y  crystallins. 
The  a  crystallins  contain  very  few  sulfhydryi  groups  (one  per  20, -CC 
subunit  j ;  this  fact  indicates  there  is  little  potential  for  the  creation 
cf  disulfide  bridges  between  adjacent  molecules. 


Following  the  precipitation  of  a  crystailin  from  a  lens  homogenate, 
the  3  and  y  crystallins  remain  in  the  supernatant.  The  3  crystailin 
can  be  precipitated  if  the  solution  is  saturated  with  armcniur.  sulfate. 
Cavson  (19c?)  stated  that  the  percentage  of  3  crystallins  is  variable. 


Also,  3  crystallin  has  been  separated  by  gel  filtration;  studies 
with  this  material  indicated  that  the  molecular  weight  of  this  group 
ranged  from  50, ICC  to  500,000  daltcns  and  that  this  crystallin  also  is 
made  up  of  monomeric  subunits  weighing  approximately  20,000.  3  crystal- 

lins  at  a  pH  of  3-3  migrate  toward  the  anode  at  a  rate  less  than  that  of 
the  a  crystallin.  The  sulfhydryl  content  of  3  crystallin  is  relatively 
high,  suggesting  a  possible  site  for  the  formation  of  disulfide  bridges 
between  adjacent  similar  molecules  cr  with  other  sulhydryl  containing 
substances  such  as  OSH. 

The  protein  remaining  in  the  supernatant  of  the  lens  homogenate 
following  precipitation  of  both  a  and  3  cry s tallies  is  y  crystallin. 

Waley  (1369)  reported  that  the  percentage  of  crystalilns  present  as 
y  crystallin  decreases  with  age.  y  crystallin  has  been  separated 
from  lens  homogenate  by  gel  filtration.  Investigations  cn  separated 
y  crystalilns  reveal  that  the  molecular  -weight  is  approximately  20,100 
and  that  the  sulfhydryl  content  is  relatively  high.  This  lens  protein 
will  precipitate  at  temperatures  less  than  10°  C. 

Albunincid  Is  the  insoluble  portion  of  the  lens  homogenate.  The 
composition  of  this- material  has  been  determined  by  Dische  (1970). 
Albuminoid  is  said  to  be  the  product  of  a  crystallin  and  the  lipophilic 
methylpentose ,  fuecse.  The  content  of  albuminoid  in  a  lens  homogenate 
Increases  with  the  age  of  the  lens;  Dische  reported  that  the  albuminoid 
appeared  to  be  associated  with  the  lens  fiber  membrane.  Spector  (1971) 
suggested  albuminoid  may  consist  of  a  crystallin  and  a  hexese. 


Biochemical  Constituents  of  the  lens 


According  to  Kuck  (1970)  ar.d  van  Keyningen  (1969),  four  organic 
non-protein  substances,  ascorbic  acid,  glutathione,  inositol  and  choles¬ 
terol,  are  present  in  relatively  high  concentration  in  the  normal  mam¬ 
malian  lens  (approximate  concentrations  in  the  rabbit  lens:  ascorbic 
acid,  15  mgf ;  glutathione,  300  mg';  ir.ositol,  100  mg?a;  and  cholesterol, 

70  mg;a).  Alterations  of  the  concentration  of  these  substances  (ascorbic 
acid,  etc.)  have  been  reported  in  senile  and  cataractous  lenses;  trans¬ 
mission  of  light  is  decreased  in  either  of  these  lenses .  Data  from  bio¬ 
chemical  studies  have  suggested  apparent  correlations  between  concentra¬ 
tion  decrements  of  both  ascorbic  acid  and  glutathione  ar.d  lessened  trans¬ 
parency  in  senile  and  cataractous  lenses.  Kuck  (1970)  indicated  that 
inositol  and  cholesterol  never  had  teen  implicated  in  lens  metabolism, 
and  that  the  concentration  alterations  of  inositol  and  cholesterol  in 
similar  cataractous  lenses  appeared  to  be  related  to  charges  of  membrane 
permeability . 

Kiooshita,  Mere  la,  Dikr«ak  and  Carpenter  (196c)  reported  that  lenticu¬ 
lar  ascorbic  acid,  but  not  reduced  glutathione  (C-SK),  decreased  follow¬ 
ing  a  cataractcgenic  level  of  microwave  irradiation.  This  was  octet 
prior  to  any  visible  decrease  in  lenticular  transparency . 

In  contrast,  Pirie,  van  Heynirger.  and  Bcag  (1953)  found  that  lenti¬ 
cular  GSH  levels  were  decreased  following  cataractcgenic  levels  of 
X-radiation .  This  occurred  prior  to  the  aopearar.es  of  any  visible  opaci¬ 
ties.  The  ascorbic  acid  concentration  apparently  was  r.ct  reduced  i.o 


either  clear  or  cataractous  lenses. 
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Ascorbic  Acid 

Ascorbic  acid  (Vitamin  C)  is  a  six  carcon  compound  which  contains 
one  double  bond  and  a  lactone  ring.  Ascorbic  acid  (AsA)  is  readily 
oxidized  to  diketcgulonic  acid.  Ocular  concentrations  are  similar  to 
those  in  kidney,  brain  and  liver,  but  less  than  that  of  the  adrenals  and 
hypophysis  (Heath,  1962). 


There  is  a  wide  difference  of  AsA  concentration  between  lenticular 
and  aqueous  hunor  concentration  among  species.  The  concentration  in  the 
lens  exceeds  that  in  the  aqueous  humor  for  some,  but  not  all  animals. 

In  the  rabbit  eye  the  lenticular  concentration  is  lower  than  that  of  the 
aqueous  honor.  Data  of  Pirie  and  van  Heynirgen  cited  by  Kuck  (1970a) 
show  that  the  lenticular  concentration  ranges  from  6.9  to  19  mg/ICC  grams 
(mg;!)  and  the  concentration  in  the  aqueous  honor  ranged  from  23.6  to 
40.6  mg/100  ml  (mg;!).  The  lens  is  said  to  obtain  AsA  from  the  aqueous 
humor;  although  the  aqueous  humor  concentration  is  higher  than  that  of 
the  lens  in  the  rabbit  eye,  this  situation  is  reversed  in  some  species. 
Van  Heynirgen  (1969)  believed  that  this  latter  situation  suggests  the 
presence  of  an  active  process  in  these  lenses .  .AsA  is  actively  secreted 
by  the  epithelial  cells  of  the  ciliary  processes  into  the  aqueous  honor. 
In  this  process  AsA  is  removed  from  the  bleed  plasma  (1  mg;!),  then 
actively  secreted.  This  process  is  dependent  on  both  a  supply  of  energy 
and  a  normal  circulation. 

The  following  information  was  excerpted  from  a  review  by  Heath 
(1962)  concerning  the  possible  role  of  .AsA  in  lens  metabolism.  He 
stated  that  the  exact  role  of  AsA  in  lens  metabolism  is  not  -.veil  estab¬ 
lished  ar.d  listed  its  involvement  in  the  following  processes:  1)  the 
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biosynthesis  and  .maintenance  of  collagen;  2)  a  definite  lack  of  AsA  is 
associated  with  abnormal  .mucopolysaccharide  formation;  3)  the  oxidation 
of  AsA  can  lead  to  the  formation  of  hydrogen  peroxide,  which  brings 
about  the  depclynerization  of  hyaluronic  acid;  4)  .AsA  reportedly  inhibits 
hyaluronidase ;  5)  the  oxidised  and  reduced  forms  of  AsA  and  glutathione 
reductase  and  the  coenzyme  .'IATPK  are  associated  with  an  electron  trans¬ 
port  in  plant  tissue;  5)  AsA  steps  substrate  inhibition  of  p -hydro xy- 
phenylalanine;  tyrosine  is  metabolized  abnormally  in  the  scorbutic 
animal.  He  reported  that  cataract  formation  has  net  been  correlated 
with  clinical  or  experimental  scurry.  Also,  he  cited  experiments  of 
Bakker  in  which  a  group  of  lenses  maintained  in  vitro  for  mere  than  3 
weeks  retained  their  clarity;  however,  all  traces  cf  lenticular  AsA  had 
vanished  following  the  initial  10  days  of  incubation.  In  contrast,  he 
noted  that  completely  cataracfcus  lenses  are  devoid  of  As  A. 
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(GSH-KjSSG)  .  While  GSH  is  synthesized  within  the  lens  by  means  of 
specific  enzymes,  the  only  apparent  source  of  GSSG  is  the  oxidation  of 
GSH.  GSH  does  not  diffuse  from  the  normal  lens  and  normally  none  is 
detectable  in  the  aqueous  honor. 

According  to  Waley  (1965)  2nd  Reddy  (1371),  glutathione  is  reported 
to  be  synthesized  within  the  lens,  as  well  as  in  other  tissues.  This 
synthesis  occurs  in  two  steps:  1)  glutamic  acid  and  cysteine  are  joined 
in  a  linkage  in  the  presence  of  y  glutamylcysteine  synthetase.  2)  y 
glutamylcysteine  is  joined  with  glycine  in  an  a  linkage  to  form  y 
glutamylcy steinylglycine  (reduced  glutathione);  this  second  linkage 
required  the  enzyme  GSH  synthetase. 

The  enzymes  responsible  for  GSH  (  Y  glutamylcysteinylglycir.e) 
synthesis  in  the  lens  are  also  responsible  for  the  production  of  ophthal¬ 
mic  acid  (  y  glutamyl  3  aminob utyry Igly c ine )  a  structural  analogue  of 
GSH.  Ophthalmic  acid  is  a  tripeptide  containing  glutamic  acid  and  gly¬ 
cine;  however,  in  place  of  cysteine,  ophthalmic  acid  (CA)  contains  a 
amino-butyric  acid;  this,  in  effect,  results  in  nearly  identical  struc¬ 
tures  except  that  the  sulfhydryi  group  of  GSH  is  replaced  by  a  methyl 
group. 

The  rate  of  production  of  GSH  is  much  greater  than  for  OA;  the 
steady-state  lens  concentration  of  GSH  is  much  greater  than  that  of  CA 
(360  and  1C  mg  per  ICO  gm  wet  weight  of  lens,  respectively).  No  reduced 
glutathione  has  been  reported  to  be  present  in  the  aqueous  humor  of  rabbit 


eyes. 
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The  incorporation  of  radioactive  glycine  into  reduced  GSH  in  the 
lens  was  originally  reported  as  2.45/hr  by  Kinsey  and  .''erriar  (1950). 
Later,  Reddy,  Klethi  and  Kinsey  (1966)  published  a  lower  value  (1.35/hr) 
for  the  incorporation  of  radioactive  glycine  and  glut ars. c  acid  into  lens 
GSH  during  a  24-hour  incubation  period.  They  also  determined  the  rate 
for  the  incorporation  of  these  two  amino  acids  into  ophthalmic  acid. 

Although  both  GSH  and  GA  are  constantly  synthesized,  the  concentra¬ 
tion  in  the  lens  is  at  a  steady-state.  Presumably,  in  order  to  maintain 
equilibrium,  the  rate  of  catabolism  and  removal  of  these  substances  is 
also  at  a  steady -state.  With  respect  to  GSH,  there  are  no  active  enzymes 
for  the  'usual  degradation  of  GSH  in  the  lens  (and  presumably  CA) .  In 
contrast,  GSH  in  the  liver  is  hydrolyzed  by  a  specific  enzyme,  y  gluta¬ 
myl  lactamase.  This  enzyme,  however,  is  either  not  present  in  the  mam¬ 
malian  lens  or,  if  present,  is  relatively  Inactive.  Glutathione  is, 
however,  readily  oxidized  to  GSSG-.  The  rate  of  oxidative  conversion 
(oxidation  from  GSH  is  the  only  method  by  which  GSSG  occurs)  would  be 
greatest,  presumably,  in  the  cortex  of  the  lens  because  of  the  combined 
factors  of  high  concentration  and  the  proximity  of  GSH  to  oxygen  dissolved 
in  adjacent  aqueous  humor  (there  is  no  reported  pathway  S:r  the  chemical 
synthesis  of  GSSG  per  se).  Lens  membranes  appear  to  ce  impervious  to 
the  passage  of  appreciable  quantities  of  GSH, tut  permit  passage  of  quanti¬ 
ties  of  GSSG.  The  combined  removal  of  GSSG  by  passage  from  the  lens  to 
the  aqueous  humor,  as  well  as  a  low  level  of  degradation,  may  serve  as  a 
path  of  removal  and  degradation  of  glutathione  from  the  lens  to  maintain 
steady-state  conditions. 
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Research  of  Epstein  and  Klnoshita  (1970)  suggest  that  or.e  of 
the  functions  of  glutathione  is  the  maintenance  of  normal  lens  membrane 
permeability .  They  reported  that  an  increase  of  rtemfcrar.e  permeability 
was  observed  when  the  lens  glutathione  concentration  was  decreased 
markedly.  GSK  may  serve  to  protect  lens  membrane  sulfhy dry  1  groups 
from  oxidation.  Ma-K  activated  ATPase  contained  in  membranes  possesses 
reactive  sulfhy  dry  1  groups.  These  groups  appear  to  have  'undergone  oxi¬ 
dation  when  the  GSH  levels  were  markedly  decreased.  This  oxidation 
appeared  to  be  related  to  the  alteration  of  membrane  permeability. 

Glutathione  is  a  prosthetic  group  for  glyceraldehyde  3  phosphate 
dehydrogenase  (Embden  Myerhoff  glycolytic  pathway).  It  has  beer,  sug¬ 
gested  that  GSH  nay  act  in  seme  manner  to  prevent  the  oxidation  of 
sulfhydryl  groups  of  S  or  y  crystaliin.  Kinoshita  (1964)  believes 
that  the  large  concentration  of  lenticular  GSH  may  serve  to  protect  sus¬ 
ceptible  crystaliin  sulfhydryl  groups  from  oxidation.  Such  protection 
may  prevent  the  production  of  disulfide  bridges  between  adjacent  mole¬ 
cules  which  would  result  in  an  increased  crystaliin  molecular  weight  cr 
produce  intramolecular  -S-3  bridges  which  would  lessen  the  quantity  of 
hydrophilic  groups,  'and  thus  lessen  the  solubility.  Glutathione  and 
GSH  reductase  in  the  lens  apparently  act  to  destroy  hydrogen  peroxide 
which  enters  the  lens  from  the  aqueous  humor.  This  action  apparently 
replaces  that  of  catalase,  an  enzyme  which  is  virtually  absent  in  the 
lens .  The  role  of  GSH  in  preventing  intermolscular  aggregation  follow¬ 
ing  the  production  of  disulfide  bridges  from  adjacent  cysteine  residues 
of  crystalline  is  logical  (Kinoshita,  1564).  But  Kinoshita  and  Kasurst 
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(1957)  reported  that  It  appears  that  most  lenticular  GSH  is  bound  or 
masked  by  the  crystallins  and  is  actually  quite  unreactive. 

In  general,  however,  observations  of  decrements  of  ascorbic  acid 
and  glutathione  with  senile  or  experimentally  Induced  cataracts  have 
not  resulted  in  any  revelations  regarding  the  functions  of  these  two 
constituents  of  the  normal  lens,  nor  their  possible  involvement  in 
cataract  production.  In  fact,  Xuck  (197Cc)  has  stated: 

In  view  of  our  ignorance  of  the  function  of  glutathione 
in  lens  metabolism, the  most  that  can  be  said  at  present  is 
that  it  must  be  an  active  metabolite  since  its  concentra¬ 
tion  decreases  with  age.  Another  important  lenticular  con¬ 
stituent  whose  concentration  falls  with  age  is  ascorbic  acid. . . 

The  significance  of  this  change  is  ’unclear  but  it  appears  to 
be  correlated  with  the  diminishing  metabolic  activity  of  the 
aging  lens. 

Nevertheless,  each  segment  of  information  regarding  glutathione  and 
ascorbic  acid  alteration  gained  following  unique  methods  of  inducing 
lens  damage  can  be  added  to  the  present  accumulation  of  data.  Hope¬ 
fully,  this  sum  of  information  will  same  day  permit  a  greater  understand¬ 
ing  of  the  function  cf  these  substances  in  both  normal  and  abnormal  lens 
metabolism. 

Responses  of  Cornea  and  Lens  to  Injury 
The  stroma  of  the  cornea  contains  collagen  fibrils.  Collagen  fibers 
are  greatly  affected  by  "high”  temperatures .  When  these  fibrils  are 
heated  in  water,  and  the  temperature  is  increased  to  about  55°  C  or 
greater,  they  'undergo  shrinkage.  The  fibrils  can  be  re-extended  -under 
tension,  but  they  will  have  been  denatured.  Higher  temperatures  cause 
collagen  to  "melt,”  forming  a  gel  (Versac,  1963). 
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Descent's  membrane  Is  a  highly  resistant  tissue  and  can  persist 
following  erosion  of  the  greater  portion  of  the  corneal  stroma.  In 
such  instances  the  layer  may  bulge  out  forming  a  Descemetccele  from 
inner  pressure  (Duke-Elder,  1970). 

The  single  layer  of  endothelial  cells  apparently  do  regenerate 
following  injury,  unless  the  injury  is  widespread.  According  to 
Dikstein  and  .Maurice  (1972),  these  cells  contain  an  active  ponp  neces¬ 
sary  to  maintain  the  cornea  in  a  somewhat  dehydrated  state.  The  pump 
appears  to  require  scdion  and  bicarbonate  ions  and  oxygen .  Injury  to 
the  epithelial  cells  also  impairs  their  contribution  to  the  normal 
dehydrating  action,  resulting  in  edema  of  the  stroma.  During  edema, 
collagen  fibrils  may  not  swell;  rather,  the  interstitial  ground  substance 
imbibes  water.  A  result  of  this  imbibition  is  an  uneven  spacing  of  the 
fibrils.  According  to  Maurice  (1969),  irregular  interfibriliar  spacing 
results  in  increased  scattering  of  Impinging  light.  Increased  light 
scattering  lessens  the  transparency  of  the  edematous  cornea  ’until  It 
becomes  opaque. 

During  certain  pathological  conditions  or  experimentally  induced 
states  the  clood-aqueous  honor  barrier  is  said  to  be  broken  down  (Davscn, 
1969).  The  most  obvious  resultant  change  is  ar.  increased  concentration 
of  plasma  proteins  In  the  aqueous  honor.  The  effect  is  said  to  result 
from  an  increased  permeability  of  the  membranes  which  normally  restrain 
the  passage  of  large  molecules  from  the  plasma  to  the  aqueous  honor. 

This  high  concentration  of  colloidal  substances  causes  2  flare  or  the 
so-called  Tyndall  effect  observed  when  the  anterior  chamber  is  illord- 
nated  with  a  slit  lamp.  Furthermore,  aqueous  honor  from  normal  rabbit 


eyes  clots  on  withdrawal ;  whereas,  aqueous  humor  frcn  normal  hunan  eyes 
does  not.  Presumably,  clotting  results  from  fi'orincger.  in  the  aqueous 
humor  'which  forms  fibrin  in  injured  eyes.  Aqueous  humor  frcn  rabbits 
clots  rapidly  on  removal.  The  ccncentraticr:  of  small  water  soluble 
substances  in  the  aqueous  humor  may  also  be  altered.  The  concentration 
of  lipid-soluble  substances  may  not  be  appreciably  altered. 

The  lens  is  avascular  and,  according  to  Duke-Elder  (1970),  it 
responds  to  injury  by  becoming  less  transparent  and/or  by  being  resorted. 
The  degree  to  which  the  lens  responds  to  damage  depends  on  the  nature 
and  severity  of  the  injury  and  the  age  of  the  eye.  The  injured  adult 
lens  may  respond  to  injury  by  a  lessening  of  transparency;  ’whereas,  the 
young  lens  becomes  less  transparent  and  may  be  resorbed.  Duke-Elder 
also  reported  that  resorption  of  the  young  lens  is  even  more  cannon 
when  the  lens  and  comeal  surfaces  have  touched  and  remained  in  contact. 
Apposition  of  cornea  and  lens  can  occur  following  a  corneal  perforation, 
with  consequent  loss  of  the  aqueous  humor.  Cornea-lens  apposition  also 
can  occur  following  dislocation  of  the  lens,  as  when  the  zonular  attach¬ 
ments  are  weakened  or  broken. 


CHAPTER  I 


A  REVIEW  OF  PU2LICAIIC::3  CONCEHUNG  THE  ACTE®  OF  THE  C02  LASER 
RAD-A-l  v.  •  •  B^OijOjICrt-  : ' lATEruAL 

High  power  coherent  radiation  at  10.6  u  was  not  achieved  prior  tc 
the  invention  of  the  carbon  dioxide  laser  by  Patel  (1965).  The  reflec¬ 
tance  and  absorption  of  sea  water  at  this  wavelength,  however,  had  been 
previously  docirr.ented.  Water  is  essentially  opaque  to  infrared  (IR) 
radiation  of  wavelength  longer  than  3  u.  The  reflectivity  of  radiation 
at  10.6  u  is  less  than  one  percent  and  its  transmissivity  at  0.003  cm  of 
sea  water  at  10  u  is  about  10  percent  (this  corresponds  to  an  absorption 
coefficient  of  approximately  760  cm”^  (Kauth,  1965). 

Tissue  has  a  high  water  content  (70-80%)  (Guyton,  19 66).  Therefore, 
because  of  this  high  content  of  water,  and  the  high  absorption  coeffici¬ 
ent  of  water,  it  was  apparent  that  the  high  power  output  of  the  C02 
laser  could  be  hazardous  to  biological  tissue  directly  exposed  tc  the 
beam. 


'  Ophthalmic  Studies 

Fine,  Klein,  Li twin,  Peacock,  Hamar  and  Hansen  (1966a)  published 
the  first  report  cn  the  biological  effects  of  carbon  dioxide  laser  radia¬ 
tion.  The  output  of  a  1C-  laser  was  focused  (20  watt/sq.  cm;  on  canine 
eyes  and  skin,  implanted  tutors  and  the  hair  and  skin  of  mice.  The 
reported  irradiations  of  the  eyes  caused  injur;/  to  the  superficial  and 


deeper  layers  of  the  cornea. 


Crocs  epidermal  injury  occurred  at 


J 


exposures  less  than  one  second;  with  longer  periods  of  irradiation 
there  was  progressive  tissue  ablation  with  minimal  bleeding. 

Pine,  Zimmerman  and  Fine  (1966)  reported  clinical  and  pathological 

findings  following  carbon  dioxide  laser  irradiation  of  the  eyes  of 

rabbits.  A  five  millimeter  area  was  irradiated  for  one  second  intervals 

at  various  power  densities .  A  dense  white  corneal  opacity  appeared  on 
2 

15  W/c si  irradiations;  the  crater  edges  were  thickened.  Perforation  of 
the  cornea  occurred  on  irradiation  at  50  W/cm^.  Anterior  lens  surface 
concavities  were  always  noted  following  comeal  perforations.  Similar, 
but  smaller  indentations,  however,  were  noted  in  lenses  of  eyes  excised 
and  fixed  in  glutaraldehyde  following  non-perforating  irradiations  of 
the  cornea.  Irradiated  ncn-oerforated  corneas  healed;  however,  the 
irradiated  area  was  opaque  and  scarred.  Their  investigations  found  that 
a  clear  plastic  faceshield  offered  seme  degree  of  ocular  protection 
against  this  invisible  radiation. 

Pine,  Pine,  Peacock,  Geeraets  and  Klein  (1967)  published  an  account 
of  a  more  extensive  clinical  and  histopatho logical  investigation  concern¬ 
ing  Injury  and  repair  following  C02  laser  radiation  of  the  eye  of  the 
rabbit.  They  remarked  on  the  lenticular  indentations  following  high 
power  non-cerforating  CO2  laser  irradiation  of  the  cornea,  but  they  did 
not  observe  any  evidence  of  damage  to  the  posterior  segment  of  the  eye. 
They  called  attention  to  the  thickening  of  the  comeal  stroma  in  the 
region  of  the  irradiation  and  to  the  ring  of  iridial  pigment  found  on 
the  anterior  of  the  lens  capsule.  The  lenticular  indentations  always 
corresponded  to  the  site  of  comeal  injury  ar.d  appeared  following 


25 


irradiations  of  7  to  9  watts  for  one  second.  Figure  1-1  (obtained  from 
B.  S.  Fine)  shows  a  meridional  view  of  a  normal  and  an  indented  lens 
following  a  9  watt  irradiation  of  the  cornea  for  one  second,  subsequent 
enucleation  and  fixation  in  glutaraldehyde .  The  arrow  indicates  the 
direction  of  radiation.  The  cornea  perforated  and  sene  aqueous  was 
expelled  during  a  one-second  irradiation  at  50  W/cm2.  Also,  at  this 
power  density,  there  were  adhesions  of  the  iris  to  the  cornea  and  an 
accumulation  of  exudate  in  the  anterior  chamber.  Eight  days  after  trans- 
scleral  irradiations,  the  vitreous  humor  was  slightly  clouded  ard  tsi  o  ns 
eye  astaphyloma  developed.  Higher  power  perforating  scleral  irradiations 
had  vitreous  strands  adherent  to  the  perforated  area  as  well  as  several 
tears  in  the  posterior  retina. 

Previously  unpublished  data  fron  this  study  obtained  from  Dr.  3.  3. 
Fine  (Figures  1-2  -  1-5)  show  clinical  and  histological  appearances  months 
following  a  perforating  and  a  non-perforating  irradiation  of  the  cornea. 
Presumably,  the  perforated  cornea  permitted  direct  irradiation  of  z'r.e 
underlying  lens  'with  resultant  cataractous  changes. 

Figures  I-2D  and  I-2S  show  the  clinical  appearance  of  the  right 
and  left  eye,  respectively.  Figure  I- 3D  shows  a  section  of  the  irradi¬ 
ated  region  of  the  right  cornea.  The  break  in  Descem.et's  membrane  (free 
arrow)  indicates  the  cornea  had  perforated.  Examination  of  the  left 
cornea  did  not  indicate  a  perforation.  Figure  1-1  shows  the  appearance 
of  the  'unfixed  lenses  by  retroilluminaticn.  Only  the  lens  from  the  per¬ 
forated  right  eye  (Fig.  I-4D)  shows  definite  lens  changes  (the  biacx 
line  and  spots  are  artefacts).  Histological  examination  of  the  anterior 
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segment  of  these  lenses  (Figure  1-5)  shows  cataractous  changes  in  the 
lens  from  the  perforated  eye  in  Figure  I-^D.  The  cataractous  region 
is  deep  to  the  capsule.  (Mew  fibers  insinuate  between  this  region  and 
the  lens  epithelial  cone  following  irradiation. )  The  ether  lens 
(Figure  I~4S)  did  not  shew  any  changes.  (The  clefts  present  in  either 
section  are  artefact.) 

Gullberg,  Hattman,  Keck  and  Tengrath  (1967)  investigated  the  amount 
of  CO2  laser  energy  necessary  to  release  the  blink  reflex  which  normally 
has  a  latent  period  of  80  milliseconds  (msec . ) .  They  found  the  energy 
dose  necessary  to  release  the  blink  reflex  versus  time  followed  a  curve , 

Q  =■  Q.l3(t)-/2  in  the  range  0.01  to  5  seconds  (Q  =*  calcries/cm^  and  t  = 
time  in  seconds).  They  agreed  with  previous  findings  of  Fine,  Hansen, 
Peacock,  Klein,  Hust  and  Laor  (1966b)  that  the  data  fitted  a  simple 
thermal  model.  They  also  concluded  that  heat  conduction  from  the  surface 
was  the  principal  means  of  loss.  The  blink  reflex  corresponded  tc  a 
definite  increase  of  corneal  temperature.  Barely  visible  corneal  damage 
was  observed  following  irradiation  at  0.3  cal/cm* . 

Fine  (1966c)  Indicated  that  the  threshold  for  injury  tc  the  cornea 
should  be  about  100  mW/cm^.  Fine,  Fine,  Feigen,  and  MacKeen  (1967) 
reported  the  threshold  for  permanent  ccmeal  damage  following  continuous 
CO2  laser  irradiation  of  the  rabbit  eye.  Ln  this  study  the  irradiation 
periods  were  for  "infinite  time,"  that  is,  exceeding  10  minutes.  Power 
densities  studied  ranged  from  20  m'.v'/cm“  to  350  mW/cnr,  the  diameter  of 
the  spot  sice  was  approximately  10  mm;  therefore,  the  greater  portion  of 
the  cornea  was  irradiated.  Histology  of  irradiated  corneas  indicated 
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that  the  threshold  for  permanent  injury  was  between  100  and  200  mV// cm 

on  continuous  irradiation.  The  authors  felt  that  the  data  obtained 

from  rabbit  eye  corneas  could  be  extrapolated  to  human  eyes. 

Feigen,  Fine,  Mac Keen  and  Klein  (1967)  reported  that  hair  and 
clothing  were  readily  ignited  and  serious  burns  could  be  produced  in 
rodent  and  primate  skin  and  underlying  tissues  on  CO2  laser  irradiation 
Protective  materials  were  investigated  to  determine  the  feasibility  of 
their  use  'with  CO2  radiation.  Plastic,  fiberglass,  and  rubber  offered 
adequate  protection  to  the  head  on  focused  20-watt  laser  irradiation; 
the  slew  ablation  of  piastre  face  shields  which  occurred  served  as  a 
warning.  Glass  irradiated  near  the  edge  cracked  more  readily  than  when 
irradiated  in  the  center;  furthermore,  unbroken  irradiated  glass  was 
likely  to  contain  stress  patterns  so  that  a  second  irradiation  resulted 
in  fracture  in  a  short  period  of  irradiation.  The  bright  light  emitted 
from  focused  irradiation  on  glass  was  determined  to  be  sufficiently 
Intense  to  be  hazardous  to  the  retina  if  the  glass  -was  near  to  the  eye. 
Quartz  was  found  to  withstand  cracking  on  irradiation  and  the  emitted 
light  was  less  intense  than  that  from  glass.  Current  regulations  (FDA, 
1S72)  require  that  all  glass  lenses  used  in  corrective  eyeglasses  be 
heat-tempered  or  otherwise  treated  to  reduce  shattering.  Such  heat 
treatment  may  predispose  such  lenses  to  shattering  on  CCo  irradiation. 
Therefore,  routine  wearing  of  plastic  corrective  eye  lenses  in  the 
range  of  CZo  laser  radiation  appears  to  afford  superior  eye  protection 
to  that  offered  by  heat-tempered  glass  lenses.  .Also,  lenses  made  of 
plastic  are  more  readily  available  and  less  expensive  than  those  made  c 


quartz;  however,  this  requires  further  study. 

Pine,  Bertow  and  Fine  (1968)  reported  the  presence  of  calciun  spher¬ 
ules  in  healed  corneas  of  rabbits  previously  irradiated  for  10  minutes 
at  suprathresho Id  power  densities  (greater  than  200  mW/cn  ) .  The  authors 
reported  the  distribution  of  these  calciun  spherules  resulted  in  a 
clinical  and  histcpathological  appearance  identical  with  that  observed 
in  band  keratopathy  in  the  hunan  cornea.  Although  some  spherules  we re 
scattered  throughout  the  comeal  stroma,  the  majority  were  in  a  plane 
located  immediately  beneath  the  epitheliun.  In  the  hunan  eye,  this  plane 
is  occupied  by  Eownan's  membrane,  the  zone  which  is  most  severely  affected 
in  band  keratopathy  (B.  S.  Fine,  personal  ccrmunication) .  Seme  of  the 
spherules  had  been  phagocytized  by  the  comeal  keratocytes.  but  the 
majority  were  located  extracellular ly .  They  stated  that  it  was  clear 
that  the  calciun  deposition  located  initially  near  the  epithelial  base¬ 
ment  membrane  resulted  from  some  epithelial  activity.  No  calciun  deposi¬ 
tion  was  observed  within  the  epithelial  cells  by  the  methods  used. 

Campbell,  Rittler,  Bredemeier  and  Wallace  (1968)  irradiated  rabbit 
eyes  with  CO2  laser  radiation.  They  used  a  75-watt  American  Optical 
Chit  which  delivered  the  power  through  an  articulated  aim  and  hand-oiece. 
They  irradiated  a  1.5  am  diameter  area  of  each  cornea  for  one  second; 
the  pupils  had  not  been  dilated,  prior  to  irradiation.  They  reported 
that  irradiations  of  the  cornea  with  power  ranging  from  one  to  five  watts 
penetrated  to  Cescemet's  membrane  or  perforated  into  the  anterior  chamber. 
The  iris  prolapsed  in  one  eye  following  a  5-watt  (approximately  290  W/cm^) 
irradiation.  Open  histological  examination  of  the  eye  24  hours  post 
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irradiation,  they  noted  coagulation  necrosis  of  the  comeal  tissue 
surrounding  the  perforation,  and  the  stromal  fibers  had  undergone  a 
partial  hyaline  degeneration.  The  corneal  endothelial  cells  were 
completely  necrotic.  The  anterior  chamber  was  filled  with  serosanguine- 
ous  exudate  and  the  iridial  vessels  were  distended.  The  lens  contained 
a  small  drop  of  liquefied  cortical  material  2  millimeters  beneath  the 
anterior  capsule  directly  in  the  path  of  the  laser  beam.  In  examination 
of  an  eye  following  1  watt  irradiation  (approximately  60  W/cm^),  the 
iris  was  adherent  to  the  endothelial  layer  of  the  cornea  under  the  site 
of  irradiation.  They  felt  this  had  resulted  from  a  break  in  Descenet's 
membrane;  however,  they  were  unable  to  locate  it  on  serial  sectioning 
of  the  cornea.  Eyes  which  had  been  perforated  sealed  spontaneously  with 
reformation  of  the  anterior  chamber.  The  craters  in  these  perforated 
corneas  filled  in  'with  opaque ,  ill-defined  comeal  infiltrates  in  the 
four  weeks  post  irradiation.  Pigment  dispersion  was  noted  on  the  lens 
surface  and  a  small  localized  cataract  was  present  at  the  site  of  per¬ 
foration.  They  found  decreasing  comeal  damage  as  the  incident  power 
was  decreased  from  one  watt  to  a  minimum  of  68  mW.  They  determined  that 
the  threshold  for  injury  to  the  cornea  was  68  mW/1.5  mn  diameter  (3850 
mW/cm^) .  They  averred  that  this  value  is  correct  to  +  5%  based  on 
silt-lamp  and  histological  examinations.  The  authors  apparently  did  not 
consider  that  heat  can  flow  from  the  irradiated  site  to  adjacent  tissues. 
Therefore,  determination  of  the  threshold  on  correal  damage  based  cn 
irradiation  of  such  a  small  area  may  be  in  error.  They  further  stated 
that  lens  injury  occurs  only  or.  perforation  in  which  the  lens  is 
directly  irradiated. 
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Peppers,  Vassiliadis,  Dedrick,  Charg,  Peabody,  Rose  and  Zweng 
(1969)  investigated  the  threshold  for  C02  laser  corneal  irradiation 
for  pulses  shorter  than  the  blink  reflex.  The  diameter  of  the  beam 
ranged  from  2-4  rmu  Their  criterion  for  a  lesion  '/fas  an  opacity  oc¬ 
curring  within  10  minutes  after  exposure.  Their  threshold  values 
were  1.2  J/cm^  in  55  msec.,  0.77  J/cm^  in  10  nsec.,  and  0.55  J/cm^ 
in  3.5  msec.  The  threshold  lesions  healed  -without  scarring  in  24 
hours.  They  stated  that  comeal  damage  begins  when  the  corneal  tem¬ 
perature  increased  by  35°  C  to  a  final  approximate  value  of  67°  C. 

They  did  not  make  any  temperature  measurements,  but  reported  values 
determined  by  a  theoretical  heat  flow  model.  They  stated  that  the 
beam  dimensions  did  not  affect  the  threshold  values  as  long  as  the 
exposed  area  is  large  compared  with  the  depth  of  absorption  in  the 
tissues . 

Geeraets,  Fine  and  Fine  (1969)  irradiated  rabbit  corneas  with  C02 
laser  radiation  at  power  densities  ranging  from  9  to  20  W/cm^  for  periods 
of  1  or  4  seconds.  On  in  vivo  examination  within  6  to  3  days  following 
irradiation,  the  corneas  had  grayish-white  opacities;  several  had  deep 
central  craters  and/or  perforations,  and  anterior  lens  indentations  were 
reportedly  visible  on  slit  lamp  examination.  Nine  months  pest  irradia¬ 
tion  the  greater  part  of  thecomeal  opacities  had  abated  leaving  only  • 
a  snail  superficial  haziness.  Cn  slit  lamp  examination  of  one  eye  at 
this  time,  the  lens  was  clear,  but  showed  a  small  central  depression  of 
the  mid  anterior  surface.  3y  retroillumination,  a  corona  of  fine  dust- 
like  opacities  seemed  to  be  present  in  the  anterior  and  posterior  ccrtica 
region.  Subsequent  excision  of  the  eyes  ard  histological  examination  of 
the  cornea  from  this  eye  indicated  that  the  cornea  had  been  perforated. 
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LI  twin.  Fine,  Klein  and  Fine  (1969)  reported  on  bum  injury  follow¬ 
ing  carbon  dioxide  laser  irradiation.  They  irradiated  anesthetized 
rabbits ,  monkeys  and  dogs .  Irradiations  of  eyes  at  5  watts  for  one 
second  caused  severe  correal  burrs,  which  healed  but  left  disabling 
comeal  opacities,  when  a  monkey's  eye  was  irradiated  at  15  watts  for 
one  second,  the  cornea  was  perforated.  They  reported  that  the  rate  of 
soft  tissue  penetration  was  about  0.001  cm/sec/W/cm2 .  Microscopic 
examination  of  the  abdominal  skin  of  the  dogs  after  irradiation  shewed 
healing  and  regeneration  of  the  epidermis  and  dermis  when  penetration 
was  not  deep.  When  the  irradiation  injury  penetrated  into  the  dermis, 
there  was  healing  by  granulation  and  typical  bum  scar  formation,  but 
damaged  epidermal  appendages  did  not  regenerate.  The  heat  injury  site 
seemed  to  have  been  well  localized  under  the  conditions  of  the  study. 
Irradiation  of  a  dog's  scalp  at  24  watts  for  10  seconds  quickly  exposed 
the  underlying  bone  and  caused  carbonization.  The  authors  calculated 
that  a  one-kilowatt  continuous  carbon  dioxide  laser  will  produce  a 
localized  soft  tissue  bum  one  centimeter  deep  over  an  area  of  one  cm 2 
within  one  second. 

Liebowitz  and  Peacock  (1969)  described  corneal  damage  following 
CC2  laser  exposure.  They  irradiated  corneas  of  anesthetized  rabbits. 

The  beam  diameter  was  approximately  6  millimeters  and  the  duration  of 
the  pulses  ranged  from  C.C7  to  1.0  seconds.  They  grouped  ranges  of 

pulse  duration  and  energy  densities  according  to  the  formula  ?(t)A/2 
(P  * 'd/ cm2  and  t  =  seconds).  They  reported  that  their  threshold  value 


ranged  from  5.7  to  6.7  |j3(t)^//2j  and  as  the  value  increased  (14.8  - 
20.2  W/cm2,  0.07  -  0.12  second)  the  amount  of  corneal  damage  became 
greater.  Irradiations  of  values  greater  than  44.2  resulted  in  perfora¬ 
tion  of  the  cornea  on  irradiation. 

Beckman,  Rota,  Sarraco,  Sugar  and  Gayr.es  (1971)  used  a  CO2  laser 
to  perform  ocular  surgery  on  rabbits.  The  laser  had  an  average  power 
output  of  150  watts  and  a  pulse  rate  'which  was  variable  from  60  to  300 
pulses  per  second.  They  performed  limbec tomies  with  the  focused  output. 
The  production  of  these  apertures  into  the  anterior  chamber  was  accom¬ 
panied  by  bubbles  in  the  aqueous  humor.  All  the  eyes  irradiated  in  this 
manner  had  filtering  blebs  which  persisted  for  six  months.  They  also 
performed  keratectomies  by  irradiating  the  cornea  ’with  a  ring-shaped 
bean  pattern  made  by  focusing  the  output  with  an  Axicon  lens.  Following 
a  partial  penetrating  keratectomy,  the  rim  of  the  ablated  area  appeared 
white  without  evidence  of  charring.  The  edge  of  the  keratectomy  was  not 
as  sharp  as  if  the  operation  had  been  performed  mechanically.  The 
corneal  button  formed  on  penetrating  keratectomy  was  pyramidal  in  shape. 
They  remarked  that  the  pyramidal  appearance  of  the  butter,  resulted  from 
the  fact  that  cutting  occurred  more  rapidly  in  the  anterior  cornea  than 
in  the  posterior  layers  because  of  the  divergence  of  the  beam  exiting 
tha  Axicon  lens.  They  stated  that  one  should  be  able  to  use  CO2  radia¬ 
tion  to  remove  cylindrical  or  mushroom-shaped  corneal  grafts  if  a  circu¬ 
lar  beam  could  be  obtained  with  less  diTOrger.ee.  The  authors  apparently 
neglected  to  consider  that  the  pyramidal  shape  of  the  correal  button  may 
have  been  due  partially  to  heat-induced  shrinkage  of  stromal  collagen 
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fibers.  During  irradiation,  the  outermost  stromal  layers  may  have  been 
raised  to  a  higher  temperature  than  the  subjacent  layers  near  the 
aqueous  humor. 

Dental  Investigations 

Lcbene,  Hhussary  and  Fine  (1963)  investigated  the  effect  of  focused 
CO2  laser  radiation  on  the  enamel  and  dentin  of  extracted  human  teeth. 
They  focused  the  output  of  a  20-watt  continuous  wave  (c.w. )  CO2  laser 
to  1-4  rm  spots  by  means  of  an  Irtran  II  (zinc  sulfide)  lens.  The 
resultant  power  densities  ranged  from  150  to  2,400  W/cm  ;  exposure  times 
ranged  from  0.1  to  5-0  seconds.  They  reported  that  enamel  in  irradiated 
areas  was  fused,  chalky  and  opaque.  Immediately  post  irradiation  the 
irradiated  areas,  including  the  crater,  were  hot  to  the  touch.  Attempts 
to  fuse  hydroxyapatite  to  enamel  failed.  X-ray  diffraction  patterns  of 
irradiated  enamel  did  not  show  any  alteration  of  the  normal  hydroxyapa¬ 
tite  pattern,  but  did  show  evidence  of  alpha  calcium  orthophosphate. 

In  vitro  heat  transformation  of  hydroxyapatite  to  alpha  calcium  ortho¬ 
phosphate  occurs  when  a  temperature  of  1,4CC  C  is  attained.  Histologi¬ 
cal  examination  of  the  irradiated  material  shewed  that  cracks  extended 
through  the  enamel  and  penetrated  the  dentin.  The  rod  substance  of  the 
enamel  had  been  disrupted  and  the  inter-red  substance  had  been  inciner¬ 
ated.  It  appeared  that  incineration  of  the  orthodontic  process  had 
occurred. 

Scheir.en  and  Xar.tcla  (1963)  investigated  the  effect  of  CO2  laser 
irradiation  focused  (3CQ  '.v'/cn~ )  for  1  to  3  seconds  on  extracted  human 
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teeth.  These  irradiations  resulted  in  craters  whose  depth  was  a 
function  of  the  irradiation  time.  Microscopic  examination  showed  that 
the  temperatures  reached  were  sufficient  to  melt  and  vaporize  the  enamel 
hydroxyapatite.  Part  of  this  material  solidified  and  then  condensed  at. 
the  periphery  of  the  crater  resulting  in  an  elevated  rim.  The  organic 
constituents  were  incompletely  combusted  at  the  periphery  of  these 
craters . 

Scheinen  and  Xantola  (1969)  carried  out  microradicgraphy  and 
polarized  light  microscopy  on  the  craters  resulting  from  focused  CC2 
laser  irradiation  of  the  buccal  surfaces  of  extracted  teeth.  They 
reported  extensive  cracking  of  the  enamel  in  the  crater  region;  this 
cracking  extended  to  the  dentin.  The  outer  layers  of  the  laser ed  enamel 
were  highly  radio -cpacue ;  this  was  felt  to  have  resulted  from  plur.e 
condensation  and  recrystallization.  The  radioluce.ocy  of  the  material 
immediately  beneath  this  region  was  thought  to  have  indicated  an  area 
in  which  a  large  proportion  of  the  hydroxyapatite  had  teen  vaporized  or 
melted.  The  polarized  light  microscopy  of  areas  adjacent  to  the  crater 
indicated  regions  of  reduced  amounts  of  ordinarily  negative  birefringer.t 
crystals.  The  peripheral  dentine  was  remarkably  X-ray  absorbent  indicat¬ 
ing  a  high  degree  of  mineralization  probably  associated  with  the  vaporized 
or  melted  enamel. 

Stem  (1970)  compared  the  demineralization  of  "artificial  caries"  c 
duced  in  CC?  laser  irradiated  and  control  spots  of  dental  enamel.  He 
irradiated  the  buccal  side  of  human  third  molars  with  approximately 


160  W/crrr  for  0.1  or  3.5  seconds  in  a  7-mm  diameter  spot  size.  The 


control  and  irradiated  sections  were  obtained  from  the  same  non-cari- 
ous  teeth  which  had  been  previously  frozen  inrsdiately  following  extrac¬ 
tion,  then  thawed  and  sectioned.  The  entire  section  of  tooth  was 
covered  by  wax  except  for  the  7-fna  diameter  irradiated  or  control  region. 
The  waxed  sections  were  inmersed  in  lactic  acid  and  hydroxymethyl ce  11  u- 
lose  solution  (pH  4.5)  at  37.5°  C  for  periods  ranging  from  one  to  two 
weeks.  Each  section  was  removed  at  the  first  sign  of  a  white  "carious" 
spot.  Sections  made  through  these  regions  were  X-rayed.  He  reported 
that  the  0.1  second  CO2  laser  exposure  reduced  the  surface  demineraliza¬ 
tion  "caries."  Although  he  felt  that  there  might  be  damage  to  the  pulp, 
the  use  of  higher  power  would  permit  shorter  pulses  and  thereby  reduce 
the  heating  to  the  material  subjacent  to  the  enamel. 

Welchman  and  Johnson  (1971)  reported  on  their  unsuccessful  attempt 
to  seal  the  orifice  of  root  canals  of  teeth  in  vitro  with  the  focused 
output  of  a  CO2  laser.  The  laser  output  was  variable  from  5  to  200  watts, 
the  spot  size  from  0.CC5  to  0.1  inch  in  diameter  and  the  pulse  duration 
from  0 . 1  msec  to  3  seconds .  Cr.e  unit  employed  was  capable  of  emitting 
single  to  multiple  pulses  (ICO  p.p.s.).  During  irradiation  the  target 
area  was  cooled  by  a  stream  of  high  velocity  argon  gas .  They  reported 
that  the  lasered  site  became  brown  at  the  threshold  for  damage;  with 
increasing  power  and  pulse  duration,  charring  occurred  followed  by  melt¬ 
ing  of  the  cementun  and  dentine  and  eventually  a  pcrcelainized  surface 
formation  occurred.  The  pcrcelainized  surface  formation  unfortunately 
was  not  fused  to  the  underlying  material.  This  lack  of  fusion  indicated 
to  the  authors  the  apparent  unfeasibility  of  this  technique  for  sealing 
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off  root  canal  orifices.  They  felt,  however,  that  the  method  had 
possibilities  and  stated  they  would  attempt  to  create  a  fused  region  by 
the  addition  of  powdered  dentin  to  the  target  area  prior  to  laser  expos¬ 
ure. 


Surgical  and  Medical  Applications 

Pine,  Hansen,  Peacock,  Klein,  Kust,  and  Laor  (1966b)  reported  bio¬ 
physical  studies  with  the  CC2  laser.  They  discussed  a  heat  flow  analysis 
of  threshold  lesions  in  rodert  skin  and  tissue  ablation  in  rabbit  skin 
produced  by  CO2  laser  radiation.  They  report eo  that  the  absorption  co¬ 
efficient  for  tissue  at  10.6  u  ranged  between  130  or.-1  and  270  or.-1; 
therefore,  radiation  at  this  wavelength  is  attenuated  by  6^  percent  at 
depths  ranging  from  37  u  to  77  u,  respectively.  They  carried  out  calcu¬ 
lations  based  on  both  an  opaque  and  a  diathermatcus  tissue  model  when 
performing  their  heat-flow  analysis.  The  temperature  elevation  at  the 
skin  surface  obtained  by  thermocouple  measurements  of  skin  or.  C02 
irradiation  were  in  agreement  with  their  predicted  values. 

Yahr  and  Strully  (i960)  reported  a  method  for  bleed  vessel  anasto¬ 
mosis  which  utilized  the  focused  output  of  the  CC2  laser.  In  their  method, 
one  side  of  the  donor  vessel  near  the  distal  wall  was  glued  to  a  wail  of 
the  recipient  vessel  with  Eastman  910  monomer  (2-methyl-cyancacrylate) . 

Then  an  aperture  was  created  in  this  ccnr.cn  wall  of  the  two  vessels  with 
the  focused  output  of  the  CO2  laser;  the  open  end  of  the  doner  vessel 
was  then  closed  creating  a  side-to-side  anastomosis.  They  reported  that 
care  had  to  be  taken  during  exposure  in  order  that  a  second  aperture  was 
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not  created  in  the  opposite  wall  of  the  recipient  vessel.  They  also 
reported  that  the  focused  CO?  laser  beam  permitted  clean,  relatively 
blood-free  incisions  of  skin,  liver,  kidneys,  lung  and  bor.e.  They  did 
not  present  data,  however,  to  substantiate  this  statement.  Based  on 
our  own  unpublished  results,  this  appears  to  be  unlikely. 

Mullins,  Jennings  and  McClusky  (1968)  utilized  the  focused  output 
of  a  50-watt  CO2  laser  in  studies  on  the  reaction  of  portions  of  rhesus 
monkey  liver.  Histology  was  done  on  the  irradiated  area  and  adjacent 
tissue.  Also,  serin  enzymes  were  monitored  as  an  index  of  liver  damage. 

They  were  able  to  cut  and  seau.  vessels  with  diameters  up  to  3  tm; 
however,  it  was  necessary  to  constantly  remove  blood  flowing  from  larger 
cut  vessels  because  it  absorbed  the  radiation  and  halted  cutting. 

The  concentration  of  many  hepatic  enzymes  was  increased  in  the  cir¬ 
culating  blood  during  the  24  hours  following  surgery;  the  levels  of 
nearly  all  returned  to  normal  within  the  ensuing  two  weeks. 

Histological  examination  done  one  or  three  months  after  liver  resec¬ 
tion  shewed  adjacent  areas  of  complete  cellular  destruction  with  promi¬ 
nent  'vacuolization  and  necrotic  cells.  Their  sunnary  of  CC£  laser  surgery 
of  the  liver  was  that  it  was  bloodless,  allowed  fast  dissection  and  there 
was  no  sign  of  continuing  organ  injury,  and  the  healing  was  uncomplicated. 
This  conclusicn  is  probably  r.ot  justified — they  had  problems  in  cutting 
larger  vessels. 

Brownell,  Parr  and  Kyseli  (1} 69)  determined  the  threshold  values 
for  CC'2  laser  damage  to  the  skin.  They  irradiated  the  unpigrented  areas 
of  Yorkshire  pigs  because  they  considered  that  this  tissue  most  closely 
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resembled  human  skin  histologically.  The  diameter  of  the  irradiating 
beam  was  0.75  inch  and  the  power  densities  ranged  from  0.69  to 
13.6  W/cm  .  They  obtained  injury  reactions  at  both  threshold  and 
supra threshold  levels .  They  defined  a  threshold  lesion  as  one  in 
which  the  erythema  disappears  wit  in  13  to  24  hours.  Their  lesions 
ranged  from  threshold  to  white,  coagulated  bums.  The  bums  were  evaluated 
13  to  24  hours  after  laser  exposure  and  the  analyzed  data  reported  as 
the  median  Effective  Exposure  Time  (EETco)>  i.e.,  the  exposure  time  for 
a  given  irradiar.ee  (with  a  50%  probability)  of  producing  a  given  grade 
of  lesion.  The  ZETsq  ranged  from  0.22  second  at  13-6  W/cn2  to  21.6 
seconds  at  3.69  W/cm2  for  mild  erythema;  0.43  seconds  at  13.6  W/cm2  to 
33-1  seconds  at  0.59  ’••//cm2  far  moderate  erythema;  0.54  seconds  at 
13.6  W/cm  to  46.7  seconds  at  3.69  W/cnr  for  severe  erythema,  and  0.66 
seconds  at  13-5  W/cm  to  39,5  seconds  at  0.74  W/cm2  for  a  white  spotty 
bum. 

Fox  (1969)  reported  or.  his  investigation  of  the  use  of  focused 
CC>2  laser  output  as  a  surgical  "light  knife."  This  study  employed  a 
specifically  constructed  apparatus  in  which  30  to  35  watts  were  delivered 
through  an  articulated  aim.  The  output  beam  was  2  millimeters  in 
diameter. 

Ke  reported  that  nearly  blood-free  incisions  of  tissue  could  be 
produced  except  when  blood  vessels  larger  than  1  cm  diameter  were  cut. 

When  vessels  of  this  size  were  cut  the  resulting  hemorrhage  absorbed  the 
laser  energy  and  halted  further  cutting.  Similar  problems  were 
encountered  when  he  attempted  to  incise  brain  or  liver.  Only  the  surface 
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of  bone  could  be  readily  cut.  Although  glasses  or  plastic  goggles 
were  worn  by  the  surgeon  and  his  assistants  for  protection,  the  invisi¬ 
bility  of  the  beam  caused  accidental  bums  either  by  direct  irradiation 
or  from  reflection  of  the  beam  from  metal  surgical  equipment. 

Keteham,  Hoye  and  Higgle  (197 0)  mentioned  use  of  the  CC2  laser  to 
perform  a  partial  hepatectcmy  and  also  reported  that  the  bleeding  during 
such  'an  operation  was  minimal  ’unless  a  major  vessel  was  involved. 

Leon  Goldman  (1970)  stated  that  the  use  of  the  invisible  C02  laser 
in  bicmedicai  applications  required  the  simultaneous  'use  of  a  Heliim- 
Neon  laser  to  locate  the  beam.  He  furthermore  reported  that  quartz 
glasses  are  now  being  used  'with  high  power  CO2  units. 

Wilicenlng  (1970)  stated  that  the  threshold  data  for  the  COg  laser  was 
nearly  absent  according  to  his  literature  survey.  (The  threshold  data 
of  Fine,  Fine,  Feigen  and  KacXeen  [1967]  had  been  previously  reported.) 

He  did  remark  that  Zweng  had  presented  "bench-mark''  data  values  at  the 
33rd  annual  meeting  of  the  Industrial  Hygiene  Foundation.  He  further 
remarked  on  the  complete  absence  of  threshold  data  for  UV  lasers.  He 
stated  the  necessity  for  appropriate  protective  eye  wear  for  'use  with 
each  laser. 

Rockwell  (1970)  discussed  the  upplicaticn  of  the  CCo  laser  output 
in  tissue  cutting  and  reported  investigations  carried  cut  to  determine 
the  conditions  required.  He  stated  that  the  power  densities  required 
ranged  from  10^  to  1C ^  W/cnfm  He  measured  the  power  density  and  cutting 
speeds  required  to  incise  rat  abdominal  skin.  He  accomplished  this  by 
passing  the  anesthetized  animals  under  the  focused  beam  (0.3  to  0.5  mm 


diameter) ,  thus  irradiating  the  skin  surface  at  controlled  rates .  He 
reported  power  required  ranged  from  1.25  watts  and  cutting  speeds  varied 
from  one  to  20  rnn/sec. 

Goodale,  Okada,  Gonzales,  Bcmer,  Edlich  and  Wangensteen  (1970) 
utilized  the  output  of  a  CO2  laser  to  halt  bleeding  from  experimentally 
produced  gastric  lesions.  The  lesions  were  produced  in  dogs  undergoing 
a  constant  infusion  of  heparin  and  histamine.  The  lesions  were  produced 
as  follows:  the  stomach  was  exposed  by  a  laparotomy  and  a  deep  'ulcer 
created  in  the  internal  gastric  wall  with  either  a  punped  Jet  of  HC1  or 
by  abrasion  with  steel  wool.  At  this  time  a  gastrostomy  was  performed 
and  the  blood  loss  determined  by  weight  following  the  sequential  appli¬ 
cation  of  tared  paper  discs  to  the  lesion.  Then  the  CO2  laser  gastrcs- 
cope  was  introduced  orally  into  the  stomach;  the  bleeding  site  was 
irradiated  (12  W/cm2  over  a  3  cm2  area)  for  3  to  5  seconds  continuously. 
Then  the  blood  loss  was  determined  again.  The  experiments  were  repeated 
using  a  monopolar  ball  electrocautery  unit  in  place  of  the  laser.  Hemo¬ 
stasis  was  accomplished  60  times  faster  with  the  laser  than  with  the 
electrocautery  apparatus;  furthermore,  there  was  a  significant  decrease 
in  the  amount  of  blood  lost  from  the  lesions  following  laser  irradiation 
over  that  lost  from  the  electrocautery -treated  lesions.  There  did  not 
appear  to  be  any  observable  histological  differences  between  the  areas 
irradiated  with  the  laser  and  those  treated  with  electrocautery.  The 
authors  felt  that  this  CO2  laser  method  of  treating  hemorrhaging  stress 
ulcers  would  be  preferable  to  operative  measures  in  the  moribund  patient. 

Gonzalez,  Edlich,  Bredemeier,  Folanyi,  Goodale  and  Wangensteen 


(1970)  compared  the  efficacy  cf  the  CO2  laser  output  with  an  electro- 
cautery  apparatus  in  the  management  of  liver  hemorrhage  in  dogs .  They 
used  a  device  wherein  the  output  from  a  CC2  laser  was  directed  through 
an  articulating  arm  to  a  hand  piece.  The  output  power  density  was 
12  W/cm^  (45  W);  the  electrocautery  was  a  monopolar  bail  tip  electro¬ 
coagulation  needle.  Standard  subcapsular  lesions  (3  x  9  x  0.5  cm) 
were  created  sequentially  on  separate  lobes  of  the  same  liver.  One 
group  of  animals  was  pretreated  with  sufficient  heparin  to  delay  clotting 
time  threefold.  The  other  group  was  not  pretreated.  Hemostasis  of  one 
lesion  was  accomplished  with  the  electrocautery  needle,  then  the  second 
lesion  v/as  created  and  hemostasis  was  accomplished  with  CO?  laser  output. 
The  hemostatic  anility  of  the  laser  output  'was  significantly  greater 
than  that  of  the  electrccaut ery.  Also,  the  electrocautery  adhered  to 
the  tissue  and  required  the  constant  removal  of  denatured  blood. 

The  incisions  were  closed  and  the  animals  were  kept  for  observation 
and  subsequent  histologic  examination.  Histology  shov.ed  that  the  zone 
of  adjacent  tissue  necrosis  in  laser-treated  livers  was  five  millimeters 
deep. 

Polanyi,  Bredem.eier  and  Cavis  (1970)  discussed  the  use  cf  an 
American  Optical  Company  (AO)  laser  for  surgical  procedures.  The  laser 
unit  delivers  a  useful  output  of  50  watts.  A  shutter  arrangement  allows 
pulse  lengths  from  0.1  to  5  seconds;  this  may  be  positioned  for  continu¬ 
ous  use.  Visualization  through  the  associated  endoscope  attachment  cf 
this  unit  is  permitted  by  means  of  a  time-sharing  arrangement .  The  line 
of  sight  ill ’animating  light  and  the  laser  beam  can  be  directed  dcwr.  a 
cannon  path  to  the  target  site. 


They  reported  that  most  tissues  except  bone  are  cleanly  cut  by 
burning  or  vaporization  when  the  beam  was  focused  to  a  diameter  of  1 
millimeter  or  less.  The  output  has  been  used  for  the  removal  of  cancer¬ 
ous  tissue.  The  laser  output  has  been  used  experimentally  for  the 
destruction  of  parietal  cells  of  the  gastric  mucosa  in  cases  of  gastric 
ulcer.  They  reported  that  the  output  had  been  used  to  produce  experi¬ 
mental  cardiac  myopathies,  as  well  as  partial  and  complete  heart  block; 
others  had  utilized  the  laser  to  create  lesions  in  the  brain  and  spinal 
cord. 

Stellar,  Polyani,  and  Bredemeier  (1970)  reported  the  results  using 
the  AO  (X>2  Isser  in  cutting  a  variety  of  tissue;  dogs  and  cats  were  used 
as  experimental  animals.  They  attempted  to  determine  the  optimal  condi¬ 
tions  by  varying  the  intensity,  the  diameter  of  the  irradiating  beam,  or 
the  rate  at  which  the  cutting  portion  of  the  beam  swept  over  the  tissue. 
They  found  the  laser  beam  cut  all  soft  tissue  readily  and  hemostasis 
was  excellent.  At  a  power  of  40  watts  or  less,  bone  charred  and  ignited. 
Skin,  muscle  and  fascia  were  cut  in  one  "nearly  bloodless  sweep"  of  the 
laser  beam.  Underlying  tissue  was  protected  from  the  beam  by  covering 
with  a  wet  section  of  gauze. 

Investigations  were  carried  out  on  neoplasms  transplanted  in  mice. 
In  order  to  laser  these  tumors,  the  overlying  skin  was  reflected,  then 
the  tumor  was  vaporized  until  its  base  was  reached.  Finally,  the  base 
of  the  tumor  was  vaporized,  making  an  effort  to  destroy  all  neoplastic 
tissue  visible  'under  the  operating  microscope. 
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Lesions  were  produced  in  the  brain  and  spinal  cord  of  cats  ’with 
the  focused  laser  output  (a  few  watts  0, 3-0.5  sec.  exposure).  This 
operation  was  best  accomplished  through  the  dura  following  craniectomy 
or  laminectomy;  this  technique  produced  a  sealed  lesion  'without  spinal 
fluid  leakage.  In  cases  in  which  boiling  of  cerebrospinal  fluid  from 
the  cord  dissipated  a  portion  of  the  laser  energy,  a  second  exposure 
was- required  to  create  a  suitable  lesion.  Animals  were  killed  for  histo¬ 
logical  examination  at  one  hour,  at  four  and  14  days,  and  at  one  and 
three-month  periods.  The  walls  of  the  hole  in  brain  tissue  were  smooth 
and  the  depth  of  the  surrounding  damaged  tissues  was  less  than  a  fraction 
of  a  millimeter. 

They  suggested  that  once  exposed,  large  areas  of  the  brain,  e.g., 
gray  nucleus,  may  be  vaporized  away;  similarly,  spinal  tracts  involved 
in  pain  transmission  night  be  destroyed  with  the  GO2  laser  output . 

They  reported  seme  apparently  anomalous  results  following  tuner 
removal  experiments .  Seme  tumors  recurred  when  all  the  neoplastic 
material  had  apparently  been  removed.  Conversely,  tutors  did  not  recur 
in  some  experiments  in  which  neoplastic  material  had  been  deliberately 
left .  They  plan  to  ’determine  the  extent  of  certain  tumors  by  monitor¬ 
ing  the  radioactivity  of  the  smoke  produced  during  CO2  laser  removal. 
Certain  tumors  will  take  up  a  considerable  amount  of  I1^!  Cr  labeled 
albumin  injected  Intravenously  immediately  crier  to  the  operation. 

(Cr.e  must  consider,  however,  that  tutors  nay  not  selectively  take  up 
radioactive  compounds . ) 

They  felt  that  the  CO2  iaser  treatment  of  decubitus  ’ulcers  ("bed 
sores")  could  readly  clean  and  denude  an  area  of  dead  tissue. 
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Disadvantages  include  the  invisibility  of  the  beam,  also  the 
danger  of  fire  or  explosion  caused  by  interaction  of  the  team  and 
flanmable  material  and  gases.  The  author  concluded  that  reading 
spectacles  provided  adequate  protection  from  energy  inadvertently 
reflected  from  metal  surgical  instruments.  (See  note  included  in  this 
chapter  by  Feigen,  Fine,  MacKeen  and  Klein  [1567].) 

■  '  Campbell  and  Fine  (197 0)  reported  thresholds  for  heat  sensation 
on  irradiation  of  hunan  skin  in  vivo  with  the  output  of  a  COj  laser. 
They  irradiated  3,  7,  and  12.5  cm2  areas  of  the  dorsal  area  of  the 
hand  of  two  Caucasian  males.  Their  data  was  compared  with  that  of 
Brownell,  Parr  and  Hysell  (1968)  reporting  the  power  density,  area,  and 
exposure  duration  required  to  produce  erythema  on  depilated  porcine 
skin. 


Campbell  and  Fine 
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Goldnan  and  Cowards  (1970)  reported  the  effects  of  irradiating 
metastatic  hunan  melanoma  with  a  25-watt  CC2  laser  output.  They  found 
that  non-specific  thermal  coagulating  necrosis  developed  with  no  local 
dissemination  of  tissue  fragments.  (In  our  studies,  we  found  that  the 
heat  generated  on  irradiation  produced  pain.  The  authors  did  not  dis¬ 
cuss  their  methods  for  overcoming  this  problem.)  They  reported  the 
production  of  partial  or  complete  heart  blockage  in  dogs  cn  30-watt 
irradiation  with  an  AO  CO  2  laser  unit.  They  furthermore  mentioned  their 
work  on  liver  surgery  where  the  heat  transmission,  histochemistry  and 
liver  function  'data  will  be  reported  later.  They  controlled  bleeding 
from  large  'vessels  with  gel  foam  packs  and  thrombin  and  also  experi¬ 
mented  with  methods  for  welding  liver  tissue.  They  reported  one  member 
of  the  group  had  used  the  CO2  laser  output  in  the  control  of  experi¬ 
mentally  produced  gastric  hemorrhage  in  dogs .  This  short  report  further 
discussed  the  use  cf  80-watt  pulsed  high  frequency  CO2  laser;  the 
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device  cut  tissue  well  but  produced  hemorrhage  and  plir.es  of  blood. 

They  reported  that  th.ev  had  removed  a  htnar.  eoithelicra  frcr.  the  neck 
of  a  patient  with  the  C02  laser  because  of  the  great  deal  of  associated 
vascularity;  they  experienced  a  minimal  amount  of  associated  bleeding. 
They  removed  a  digital  angiosarcoma  -with  a  scalpel,  a  C02  laser  beam 
and  a  high  frequency  electrosurgical  unit  and  reported  that  based  or. 
the  relative  merits  of  each  tecmique ,  the  C02  laser  appeared  to  have 
been  best.  Because  of  the  small  amount  of  data  reoorted  in  any  one  area 
of  investigation,  their  conclusions  should  be  viewed  as  tentative . 


CHAPTER  II 


SEIULTA'IECUS  SURFACE  AMD  ANTERIOR  CHAMBER  TERERATUEE  XSASUFS-RNTS 
DURING  CARBON  DIOXIDE  LASER  IRRADIATION'  OF  THE  CCPJEA 


Fine,  Hansen,  Peacock,  Klein,  Huso  and  Laor  (1966b)  reported  that 
the  absorption  coefficient ,  a,  of  tissue  at  10.6  u  ranged  from  13C  cn“'L 
to  270  cnT“  and  that  its  reflectivity  was  less  than  1!5  at  that  wave¬ 
length.  Furthermore,  it  is  probable  that  the  scattering  in  tissues  is 
not  significant  at  that  wavelength.  Consequently,  at  lev;  irradiation 
power  levels  where  there  is  no  significant  tissue  alteration,  of 
the  incident  electromagnetic  energy  (I0)  would  be  absorbed  in  the  outer¬ 
most  78  to  37  u  of  tissue,  respectively;  ar.d  an  equal  percentage  of  the 
residual  transmitted  energy  absorbed  by  the  underlying  to  37  u  of  tis¬ 
sue  and  so  on.  Older  these  circumstances,  where  there  is  no  significant 
alteration  in  the  absorption  coefficient,  2  ,  with  time,  the  transmissivi¬ 
ty  of  the  corneal  tissue  will  obey  an  essentially  exponential  relation¬ 
ship  : 


I  =  I0  e-«, 
where  I  is  the  radiation  intensity  at  a  depth  from  it 
•within  the  corneal  tissue,  Iq  is  the  incident  intense 
absorption  coefficient,  and  x  is  the  depth  within  the 
3ased  on  this  exponential  relationship  and  utiii 
the  two  absorption  values  quoted  above,  the  maximum  p 
could  be  transmitted  through  a  50C  u  thick  adult  rate 
O.COltw.  As  a  result,  essentially  all  the  radiaticr. 


~  front  surface 
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corns  a.. 

;irg  the  lower  of 
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absorbed  within  the  cornea  under  the  above  conditions.  Even  if  the 
radiation  is  essentially  absorbed  within  the  cornea,  however,  there 
-will  be  heating  of  the  underlying  aqueous,  iris  and  lens  on  CC^  inradia¬ 
tion  of  the  eye. 

Fine,  Fine,  Feigen  and  MacKeen  (19 63)  also  reported  that  the  thres¬ 
hold  for  corneal  injury  on  continuous  CO2  irradiation  of  the  cornea  was 
IOO-  to  200  mW/an2. 

The  purpose  of  this  chapter  is  to  determine  the  comeal  surface 
steady-state  temperatures  as  a  function  of  cower  density  under  Xy 
irradiation,  including  the  temperatures  on  irradiation  at  threshold 
levels  for  injury.  A  second  purpose  of  this  study  is  to  determine  the 
aqueous  humor  temperature  under  these  irradiation  conditions  and  the 
relationship  between  the  comeal  surface  and  anterior  chamber  tempera¬ 
tures.  Flom  these  data  it  may  be  possible  to  estimate  the  steady-state 
aqueous  huncr  temperature  elevations  during  X2  irradiations  of  the 
cornea  by  measuring  the  comeal  surface  temperature . 

Materials  and  Methods 

The  X2  laser  'used  in  this  investigation  is  described  in  Appendix 
1  and  shown  in  Figure  A-l-1.  The  beam  was  expanded  by  means  of  a  con¬ 
cave  front-surface  mirror.  A  homogeneous  portion  of  this  bean  was 
selected  by  means  of  its  pattern  produced  or.  Theme  fax  paper.  A  beam 
selector  -with  an  exit  aperture  of  1.3  cm2,  shewn  in  Figure  II-l,  was 
placed  in  this  portion  of  the  radiation.  Varying  the  distance  between 
the  bean  selector  and  mirror  varied  the  power  density  at  the  beam 
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selector  exit  port.  Power  densities  below  150  mW/cm^  were  measured  with 
a  calibrated  Eppley  thermopile  (Eppley  Corp . ,  Newport ,  R.  I . ) .  Greater 
power  densities  were  measured  with  a  Coherent  Radiation  Laboratory  Model 
2C1  detector.  A  piece  of  Thermo  fax  taper  was  temporarily  affixed  to 
the  exit  port  prior  to  animal  irradiation.  Essentially  uniform  darken¬ 
ing  of  the  1.3  cm^  diameter  area  indicated  that  the  entire  exit  port 
area  "was  irradiated. 

Fifty  adult  male  and  female  albino  rabbits  were  used  in  this  study. 
Each  was  systeralcally  anesthetized  with  I.M.  injection  of  Innovar  Vet 
(fentanyl  0.4  mg/tal  and  droperidol  20  mg/ml)  plus  atropine  sulfate  to 
control  respiratory  distress .  The  eyes  were  topically  anesthetized 
with  Cphthetic  drops  (prcparacaine  HC1,  Allergen)  dilated  with  Mydriacil 
solution  (bis  tropicamide  0.5*,  Alcon),  and  held  open  with  a  metal 
speculum  (lid  retractor).  The  eye  of  the  rabbit  was  positioned  behind 
the  exit  port  so  that  its  comeal  surface  was  at  the  approximate  level 
previously  occupied  by  the  heat  sensing  disc  of  either  power  detector. 
Visual  inspection  through  the  beam  selector  assured  complete  irradiation 
of  the  comeal  surface  in  the  speculum-opened  eye. 

Surf  ice  temperature  determinations  -were  made  with  a  flat -ended 
chrcmel  ocnstantan  thermocouple  (Baldwin  Lima  Hamilton  No.  TC-RC-FS- 
100) .  Anterior  chamber  temperature  measurements  were  made  with  a  smooth- 
ended  sheathed  thermocouple  made  of  the  same  metals  (HLH  No.  TC-RC-I3- 
100).  Reference  junctions  (Rig.  11-2)  made  of  the  same  metals  were 
.secured  in  a  continuously  stirred,  constant  temperature  ’water  bath  main¬ 
tained  at  33°  C  (a  Gilson  Warburg  Bath  containing  approximately  60  liters 
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of  water) .  The  room  temperature  was  maintained  at  20-25°  C  by  means  cf 
an  air  conditioner.  The  thermocouple  outputs  were  amplified  by  separate 
Hewlett  Packard  412  Vacuum  Tube  Voltmeters  and  were  recorded  on  separate 
channels  of  a  Massa  Cohu  PR  201  Recorder. 

Once  the  anesthetized  animal  was  positioned  at  the  exit  port  of  the 
beam  selector,  both  thermocouples  were  calibrated  at  the  temperature  of 
the' reference  junction  (33°  C)  and  at  a  higher  temperature  (e.g.,  45°  C) 
in  a  Dewar  flask  filled  with  water  monitored  with  a  mercury  thermometer. 

An  opening  was  made  into  the  anterior  chamber  of  the  eye  inmediately 
anterior  to  the  limbus  with  a  26-gauge  hypodermic  needle.  The  smooth- 
ended  thermocouple  was  inserted  via  this  opening  taking  care  to  avoid 
touching  the  iris  or  lens  surface.  Unless  otherwise  noted,  the  heat¬ 
sensing  tip  was  positioned  approximately  in  midchamber  along  the  eye's 
axis.  The  anterior  chamber  temperature  was  allowed  to  equilibrate  for 
several  minutes.  The  flat-surface  thermocouple  was  held  lightly  or.  the 
corneal  surface  until  a  constant  reading  was  obtained.  At  this  point 
the  irradiation  was  begin.  The  surface  thermocouple  was  removed  after 
a  steady-state  temperature  was  reached  and  replaced  for  periodic  moni¬ 
toring.  It  was  replaced  prior  to  cessation  of  radiation  ar.d  held  1 r. 
place  until  the  comeal  temperature  fell  to,  or  approximated,  pre-irradia¬ 
tion  levels.  Occasionally,  after  the  surface  and  anterior  chamber 
temperature  had  piateaued,  several  drops  of  saline  were  applied  to  the 
cornea  to  determine  its  effect.  This  was  done  primarily  between  Irradla- 
tion  power  densities  of  200  to  cOO  mW/cm  . 
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Because  of  possible  beam  irh.c.-.oror.eities  (i-e-,  variations  of  the 
beam) ,  the  external  thermocouple  was  moved  gently  over  the  surface  of 
the  cornea  during  the  Irradiation  in  order  that  temperature  differences 
might  be  measured. 

In  two  instances,  it  was  possible  to  move  the  sensing  tip  of  the 
inserted  thermocouple  in  various  parts  of  the  anterior  chamber  during 
the  irradiation.  In  these  situations,  the  temperature  was  measured  in 
various  regions  of  the  anterior  chamber  and  in  the  region  posterior  to 
the  iris  during  the  irradiation. 

Studies  of  the  radiation  absorption  by  the  isolated  thermocouple, 
dry  and  wet,  were  carried  out  in  air  at  power  densities  up  to  1 ,000  mw/cn^; 
the  reference  thermocouple  was  immersed  in  a  Dewar  flask  filled  -with 
water  at  20°  C.  The  thermocouple  was  moved  vertically  and  laterally  in 
the  beam  approximately  one  centimeter  In  front  of  the  power  detector 
opening  at  each  power  density  level. 

Results 

Gross  Appearance  of  the  Anterior  Portion  of  the  Irradiated  Eye 

No  visible  alterations  of  the  corneal  surfaces  were  observed  during 
the  exposures  (approximately  12  minutes)  when  the  power  density  was 
100  mW/crr  or  less.  Pitting  of  the  correal  surface  was  observed,  how¬ 
ever,  during  higher  cower  density  irradiations  (200  ml; /cm/  or  creamer  . 

The  extent  of  the  pitting  increased  with  Increased  newer  densities,  as 
reported  previously  (Pine,  Fine,  Feiger.  and  Mac  riser. ,  1963).  Ir.  addi¬ 
tion  to  the  pitting  of  the  cornea,  exposures  greater  chan  ;SC  mw/cm- 
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caused  comeal  opacification.  The  rapidity  of  appearance,  as  well  as 
the  degree  of  opacification,  appeared  roughly  a  function  of  the  power 
density;  that  is,  at  380  mW/cm2,  the  opacity  produced  was  slight  and 
appeared  after  eight  minutes  of  exposure;  whereas,  at  720'  mW/cm2,  the 
opacity  produced  was  pronounced  and  appeared  after  only  about  three 
minutes  of  irradiation. 

-  -  A  third  type  of  comeal  alteration  was  noted  during  these  higher 
power  density  irradiations  (greater  than  380  mW/cm2) .  The  investigator 
moving  the  hand-held  thermocouple  over  the  comeal  surface  sensed  the 
gradual  appearance  of  "hard  spots."  The  majority  of  these  "hard  spots" 
were  in  the  superior  portion  of  the  cornea,  although  they  were  also 
sensed  in  the  mid  portion  of  the  comeal  surface. 

Prior  to  irradiation,  the  pupillary  diameters  were  approximately 
10  an  following  the  administration  of  the  mydriatic.  Following  power 
density  irradiations  greater  than  500  mW/ car  the  pupils  appeared  con¬ 
stricted;  the  pupillary  diameter  was  reduced  to  appro  ■'ns.tely  5  ran. 


In  Vivo  Temperature  Measurements 

Although  the  length  cf  time  varied  during  ’which  the  eyes  were  held 
open  with  the  metal  speculum  prior  to  irradiation  and  the  room  tempera¬ 
ture  was  not  maintained  absolutely  constant  (20-25°  C) ,  our  pre-irradia- 
ticn  temperatures  (cornea,  32.3°  0,  anterior  chamber,  2'! . i°  c)  are  in 
general  agreement  with  these  obtained  under  carefully  controlled  condi¬ 
tions  by  Schwartz  and  Feller  (1962),  Table  II-l. 


When  presure  was  exerted  by  the  thermocouple  pre-irradiation 
which  was  sufficient  to  indent  the  anterior  comeal  surface,  there  was 
always  a  concomitant  temperature  rise  measured  by  the  thermocouple.  In 
unirradiated  eyes,  this  temperature  elevation  as  recorded  by  the  thermo¬ 
couple  was  less  than  0.5°  C  for  the  slight  indentations  caused  during  a 
recording,  and  it  could  be  increased  to  as  much  as  1.8°  C  for  intention¬ 
ally  caused  maximum  indentation  of  the  cornea.  Similar  temperature 
elevations  on  increased  comeal  pressure  were  also  found  during  irradia¬ 
tion.  These  temperature  elevations  could  be  easily  detected  on  the 
chart  recording  and  were  minimized  by  a  corresponding  decrease  in  the 
thermocouple  pressure  on  the  comeal  surface. 

Upon  initiation  of  irradiation,  the  temperature  on  the  comeal 
surface  and  in  the  anterior  chamber  rose  in  3  to  5  minutes  to  a  steady- 
state  level.  The  corresponding  temperature  elevations  at  the  comeal 
surface  and  in  the  aqueous  humor  at  different  power  densities  of  laser 
radiation  are  shown  in  Table  II-2.  These  elevations  are  plotted  in 
Figure  II-3  as  a  function  of  incident  comeal  power  density.  The 
aqueous  honor  temperature  elevation  was  always  less  than,  and  lagged 
behind,  that  of  the  anterior  surface  of  the  cornea.  Upon  cessation  of 
irradiation,  both  temperatures  fell  slowly  toward  pre-irradiation  levels. 

The  temperature  of  both  the  comeal  surface  and  the  aqueous  honor 
decreased  approximately  one  degree  on  instillation  of  the  normal  saline 
during  irradiation.  The  temperature  returned  to  that  observed  prior  to 
instillation  within  several  seconds. 


The  average  aqueous  temperature  elevation  Is  plotted  versus  the 
average  corneal  temperature  elevation  in  Figure  II-4.  Initially,  the 
relationship  between  the  aqueous  and  corneal  temperature  elevation  is 
linear.  In  the  central  pari:  of  the  curve,  the  rate  of  elevation  of 
aqueous  minor  temperature  relative  to  the  rate  of  corneal  temperature 
elevation  (the  slope  of  the  curve)  appears  to  be  less  than  initially. 

At  a  power  density  level  of  77 0  mW/an2  the  rate  of  aqueous  temperature 
elevation  appears  to  again  be  high  relative  to  corneal  temperature  ele¬ 
vation  in  comparison  to  the  central  part  of  the  curve. 

At  a  room  temperature  of  20°  C,  the  pre-irradlaticn  temperature 
beneath  the  Iris  of  two  eyes  averaged  0.7°  C  higher  than  that  at  the 
exposed  lens  surface.  During  corneal  irradiation  two  determinations  were 
made  of  temperature  in  different  regions  of  the  anterior  chamber  and 
behind  the  iris.  The  temperatures  are  tabulated  in  Table  II -2.  At  these 
power  densities,  the  anterior  chamber  temperature  decreased  as  the  lens 
surface  was  approached,  and  the  lens  surface  temperature  beneath  the  iris 
was  less  than  either  the  anterior  iris  surface  or  exposed  lens  surface 
temperatures . 

Shielding  of  the  comeal  surface  thermocouple  tip  from  the  irradia¬ 
tion  with  a  2-rai  strip  of  aluminum  resulted  in  a  comeal  surface  tempera¬ 
ture  which  was  minutely  less  than  the  steady-state  temperature  previously 
recorded  with  the  unshielded  tip.  With  continued  application  of  the 
shielded  thermocouple  the  comeal  temperature  slowly  decreased  a  slight 
amount  from  the  steady-state  temperature.  There  was  also  a  delayed 
decrease  in  the  recorded  temperature  from  the  anterior  chamber. 
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Thermocouple  Irradiation  Measurements 

Because  of  the  high  reflectivity  of  metals  to  radiation  at  10.6m 
and  the  high  absorptivity  of  water  at  this  'wavelength,  direct  irradiation 
of  the  thermocouple,  dry  and  wet  in  air  'was  carried  out.  The  results  are 
tabulated  in  Thble  II— 4.  The  temperatures  of  the  isolated  thermocouples 
rose  to  a  peak  level  within  less  than  1-1/2  seconds.  The  temperature 
increase  of  the  dry  thermocouples  'was  always  greater  than  that  of  the 
wet.  Irregularities  of  the  thermocouple  output  cn  movement  in  front  of 
the  power  meter  aperture  were  no  doubt  the  result  of  variations  within 
the  beam.  (The  time  response  of  the  isolated  thermocouple  was  qualita¬ 
tively  evaluated  by  moving  it  in  and  out  of  the  beam. ) 

Discussion 

Occasionally,  corneas  with  surface  irregularities  are  observed  in 
unirradiated  rabbits;  such  animals  were  not  used  in  this  experiment . 
Furthermore,  the  pitting  did  not  appear  to  have  resulted  from  drying. 

Sane  corneas  were  moistened  during  irradiation;  also,  no  pitting  ’was 
observed  in  corneas  irradiated  at  less  than  100  mW/cm  . 

Pitting  of  the  comeal  surface  noted  following  protracted  low 
power  irradiations  (200-300  mW/cm  ,  10  minutes  or  longer)  could  have 
resulted  from  either  uneven  comeal  irradiation  caused  by  beam  inhomo- 
genelties,  a  difference  in  the  response  of  the  individual  corneal  cells 
to  the  radiation,  or  differences  in  response  of  the  intercellular  regions. 
It  does  not.  seem  that  beam  irregularities  alone  could  have  caused  the 
comeal  pitting  (cratering)  during  this  relatively  long  exposures  because 
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movement  of  any  "hot  spots"  within  the  bean,  thermal  diffusion  within 
the  tissue,  plus  slight  movements  of  the  eyes  would  have  prevented  con¬ 
tinuous  intense  irradiation  of  specific  small  areas. 

Carbon  dioxide  laser  radiation  at  10.6  u  is  strongly  absorbed  by 
water  (Fine,  Hansen,  Peacock,  Klein,  Bust  and  Laor,  1966b).  Therefore, 
corneal  pitting  on  CC2  laser  irradiation  may  have  occurred  in  the  follow¬ 
ing  manner:  3ecause  of  its  high  water  content ,  the  tear  film  was  prob¬ 
ably  evaporated  initially.  Let  us  assume  that  comeal  epithelial  ceils 
have  an  equal  concentration  of  water,  and  that  the  major  absorption  on 
irradiation  is  by  this  water  in  the  cell.  The  water  content  of  the  cell 
is  dependent  on  its  volume.  The  larger  the  cell,  possibly  the  greater 
its  total  water.  If  the  cell  surface  offers  the  maximum  resistance  to 
heat  flow,  then  the  resistance  to  heat  flow  would  be  dependent  on  sur¬ 
face  area;  that  is,  the  heat  dissipation  would  be  dependent  on  its  sur¬ 
face  area.  The  larger  the  cell,  the  greater  the  volume-to-surface  area 
ratio.  Therefore,  some  cells  in  anyone  layer  may  have  reached  a  critical 
temperature  earlier  than  others.  Resultant  ablation  of  these  cells  may 
have  produced  a  non-uniformity  of  the  surface.  The  cellular  residue  at 
the  sides  of  the  adjacent  remaining  epithelial  cells  might  have  reflected 
seme  of  the  C0£  laser  radiation,  thus  producing  a  non-uniform  energy 
absorption.  If  some  of  of  this  reflected  radiation  were  directed  to  the 
base  of  the  crater,  the  reflected  radiation  plus  the  directed  radiation 
would  have  increased  the  intensity  of  radiation  at  the  base  of  the  crater. 
The  crater  would  have,  thereby,  acted  as  a  Mendenhall  wedge.  This  would 
have  caused  an  increased  temperature  in  the  base  of  the  crater,  and  a 
resultant  deepening  of  the  crater. 
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Other  alternatives,  involving  non-uniform  response  of  the  inter¬ 
cellular  elements  to  irradiation  at  this  wavelength,  or  differences  in 
the  physical  strength  of  the  descmsome  linkages  might  be  of  importance 
insofar  as  the  pitting  is  concerned.  The  mechanism  for  occurrence  of 
pitting  is  not  understood  at  present;  mere  work  involving  electron 
microscopy  (transmission,  or  scanning)  will  be  required  to  'understand 
the  pitting  mechanism. 

Under  normal  circumstances  the  pupillary  diameter  changes  in  re¬ 
sponse  to  alterations  in  the  intensity  of  the  light  entering  the  eye. 

Hie  resultant  changes  are  generally  considered  to  be  mediated  by  para¬ 
sympathetic  or  sympathetic  pathways  to  the  sphincter,  or  dilator  muscles 
of  the  irides  (Adler,  1965)-  Pupillary  neiosis  on  the  heating  of  the 
eye  has  been  observed  by  Goldman  (1933b)  and  by  Hoffman  and  Kunz  (193*4). 

According  to  Goldmann,  the  meiosis  is  caused  by  thermal  damage  to 
the  iris;  Hoffmann  and  Kunz  (1934)  did  not  cement  on  the  cause  of  the 
mechanism.'  Prince  and  Eglitis  (1964a)  cited  the  work  of  Longwcrthy  and 
Ortega  that  indicated  that  meiosis  occurred  in  rabbit  eyes  when  the  blood 
pressure  was  elevated;  the  resultant  engorgement  of  vessels  was  thought 
to  cause  the  decreased  pupillary  aperture. 

In  this  study,  a  dilatation  of  iridial  vasculature  was  observed 
during  and  following  laser  irradiations.  It  is  possible  that  increased 
blood  flow  associated  with  vascular  dilatation  occurred  in  response  to 
heating.  Thus,  the  meiosis  observed  in  this  study  may  have  resulted 
from  transient  iridial  vasodilatation  due  to  temperature  elevation  in 


the  anterior  chamber. 


A  second  possible  cause  of  the  meiosis  .•nay  have  been  the  direct 
action  of  heat  on  the  iridial  musculature.  According  to  Guyton  (1966), 
the  stimulation  of  heated  muscle  results  in  an  increased  contraction 
(the  increase  is  a  'direct  function  of  temperature,  within  limits).  It 
is  possible  that  the  temperature  elevation  of  the  sphincter  muscle  which 
is  in  the  pupillary  margin  was  greater  than  that  of  the  opposing  radially 
oriented  iridial  dilator  muscles  because  the  latter  were  surrounded  to 
a  greater  extent  and  cooled  by  adjacent  iridial  vasculature.  Therefore, 
if  the  nervous  stimulation  to  the  iris  remained  similar  to  that  prior  to 
irradiation,  the  constrictor  muscle  groups  heated  to  the  higher  tempera¬ 
ture  would  have  contracted  more  than  the  relatively  cooler  dilator 
muscles.  Therefore,  this  situation  also  would  have  contributed  to  the 
pupillary  constriction  observed. 

In  previous  investigations  (Fine,  Pine,  Peigen  and  MacKeen,  1968), 

permanent  injury  to  the  eye  was  not  detected  at  power  density  levels  of 

100  mW/cm2,  whereas  permanent  conceal  injury  'was  observed  at  power  density 
2 

levels  of  200  mW/cm  .  Average  conceal  temperature  elevations  of  5.5  and 
8.7°  C  were  recorded  for  power  densities  of  100  and  270  nW/cm2,  respective! 
Although  the  conceal  stromal  temperature  was  not  measured,  indeed  it  may 
have  beenrigher  than  the  measured  conceal  surface  temperature  because  of 
heat  flew  and  surface  cooling  •  Pitting  of  the  conceal  surface  ’was 
noted,  however,  at  irradiation  levels  above  200  mW/cn2.  Consequently,  a 
steady-state  conceal  surface  temperature  elevation  of  considerably  less 
than  10°  0  rise  appears  to  result  in  permanent  injury.  It  is  therefore 
also  possible  that  radiation  which  will  result  in  a  steady-state  tempera¬ 
ture  elevation  of  less  thar,  10°  C  in  a  specific  ocular  tissue,  particularly 


if  it  is  cellular,  such  as  the  retina,  may  result  in  injury  to  that 
tissue. 


At  ambient  temperatures  of  20-25°  C,  the  corneal  surface  tempera¬ 
ture  was  lower  than  that  of  the  aqueous  humor.  This  relationship  con¬ 
tinued  under  lew  power  CO2  laser  irradiation  of  the  cornea  until  power 
densities  of  about  270  mV// cm2  were  reached.  Ac  these  power  densities, 
which  are  above  the  predetermined  threshold  value  for  permanent  corneal 
damage,  the  steady -state  temperature  at  the  comeal  surface  was  higher 
than  that  of  the  aqueous  humor. 

Fbr  power  densities  up  to  770  mW/cm^ ,  the  approximate  steady-state 
temperature  increase  of  the  aqueous  humor  can  be  determined  in  an  eye 
undergoing  continuous  CO2  laser  irradiation  from  recordings  of  comeal 
surface  steady -state  temperature  (Figure  II-3).  At  each  C02  laser 
irradiation  power  density,  the  steady-state  temperature  increase  of  the 
cornea  exceeded  that  of  the  underlying  aqueous  humor.  The  elevation  of 
aqueous  temperature,  however,  is  not  linearly  related  to  elevations  of 
corneal  temperature  (Figure  11-4).  At  low  power  densities,  there 
appeared  to  be  a  linear  relationship  between  the  temperatures.  As  the 
power  density  was  increased,  there  was  a  decrease  in  the  rate  cf  rise  in 
aqueous  temperature  as  a  function  of  ccmeal  surface  temperature.  At  the 
highest  power  densities  studied,  the  rate  of  rise  of  temperature  in  the 
aqueous  as  a  function  of  corneal  temperature  again  increased. 


There  are  a  number  of  factors  which  contribute  to  this  aquecus-tc- 
corneai -surface  temperature  relationship .  These  include:  an  absorption 
coefficient  of  13C-273  cm~~  (Fine,  Hansen,  Peacock,  Klein,  Host  and  Lacr, 
1966b)  which  results  in  approximately  two-thirds  of  the  impinging  C02 
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laser  radiation  being  absorbed  by  the  outermost  50  u  of  tissue;  heat 
conduction  through  the  comeal  stroma  to  the  aqueous  honor  of  the 
anterior  chamber;  cooling  of  the  comeal  surface  by  ambient  air;  cool¬ 
ing  of  the  aqueous  by  blood  flow  from  the  iris  when  the  aqueous  hater 


is  at  a  higher  temperature  than  that  of  the  blood  vessels  in  the  iris; 
possible  ablation  of  the  outermost  layers  of  the  cornea  on  irradiation 
at  higher  power  densities;  increase  in  the  radius  cf  curvature  (i.e. , 
flattening)  of  the  cornea  at  high  power  densities  associated  with  loss 
of  water  and  stromal changes ,  as  discussed  in  the  next  chapter,  thus 
narrowing  the  anterior  chamber  and  bringing  the  cornea  in  closer  apposi¬ 
tion  to  the  lens;  and  alterations  of  thermal  properties  of  the  ccmea 
including  heat  capacity  and  conductivity  with  injury. 

Although  all  these  contribute  to  the  relationship  between  aqueous 
and  comeal  temperature,  it  is  probable  that  the  effect  of  some  of  these 
becomes  more  significant  in  certain  regions.  In  the  first  region  of 
Figure  I 1-4  (lew  power  densities),  the  temperature  of  the  blood  is  highe 
than  that  of  the  aqueous  humor.  In  this  region,  the  temperature  of  the 
aqueous  dees  net  rise  greatly,  and  the  predominant  effect  is  probably 
primarily  heat  flow  from  the  cornea  to  the  aqueous.  There  is  also 
possibly  little  heat  lost  to  the  air.  In  the  middle  region,  the  slops  1 
decreased  since  as  the  aqueous  temperature  elevation  rises  above  that  of 
the  temperature  of  the  blood,  the  vascular  supply  of  the  iris  tends  to 


dissipate  heat  from  the  aqueous ,  thus  tending  to  minimise  the  rate 


elevation  of  aqueous  temperature. 


Lo  the  third  part  of  the  curve,  there 


is  not  a  corresponding  increase  cf  the  ability 


cf  the  iris  blood  supply 


to  cope  with  the  increased  flow  of  heat  into  the  aqueous.  This  could 
be  associated  in  part  'with  an  elevation  in  anterior  chamber  pressure 
which  could  compress  the  iridial  blood  vessels.  There  may  be  both  a 
decrease  in  the  thermal  capacity  and  an  increase  in  the  thermal  conduc¬ 
tivity  of  the  cornea  related  to  a  loss  of  water  from  the  cornea,  and 
the  cornea  may  be  flattened  due  to  loss  of  water  and  alteration  of  the 
comeal  stroma.  Consequently,  in  the  third  part  of  the  curve,  the  rela¬ 
tive  rate  of  rise  of  aqueous  to  comeal  temperature  will  correspondingly 
increase . 

Irradiation  of  the  isolated  thermocouple  resulted  in  a  lower 
temperature  elevation  than  comeal  surface  temperature  elevations  at 
the  same  power  density.  These  data  coupled  with  the  results  of  shield¬ 
ing  the  thermocouple  tip,  in  which  the  irradiated  corneal  temperature 
fell  slowly  rather  than  rapidly,  suggests  that  the  surface  temperature 
recordings  are  not  higher  than  actual.  On  the  contrary,  it  is  entirely 
possible  that  the  surface  recordings  are  slightly  lower  than  actual 
because  of  a  temperature  gradient  between  the  higher  temperature  of  the 
cornea  and  the  less  absorbant  thermocouple.  Moreover,  because  cf  the 
small  size  of  the  thermocouple,  it  is  possible  that  the  measured  tempera¬ 
tures  are  quite  close  to  actual. 

It  should  be  noted  that  there  probably  is  a  temperature  gradient 
across  the  thermocouple  tip  in  any  surface  measurement .  The  effect  cf 
this  on  the  temperature  recording  is  difficult  to  determine.  In  this 
case,  however,  this  effect  appears  to  have  been  minimal. 
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Increased  pressure  of  the  thermocouple  cn  the  corneal  surface 
increased  the  pre-irradiaticn  temperature  readings  by  less  than  0.5°  C 
for  normal  experimental  conditions.  (Maximal  correal  indentation — 

1.6°  C — was  not  typical  of  pressures  exerted  during  experimental  condi¬ 
tions.  This  was  quickly  corrected  by  a  corresponding  decrease  in  the 
pressure  on  the  corneal  surface.)  This  increased  temperature  reading 
may  have  been  partly’  caused  by  bringing  the  thermocouple  tip  closer  to 
the  higher  temperature  present  in  the  anterior  chamber.  It  may  also  have 
been  due  to  decreased  exposure  of  the  thermocouple  to  cooling  by  the 
surroundinz  air  and  a  change  in  thermal  conductivities,  since  its  tip  now 
is  somewhat  embedded  in  the  cornea.  A  further  factor  which  must  be 
considered  during  irradiation  temperature  recordings  is  that  due  to  the 
finite,  although  large  thermal  absorption  coefficient  of  the  cornea, 
together  with  cooling  by  ambient  air,  the  maximum  steady -state  tempera¬ 
ture  elevation  of  the  cornea  is  r.ct  on  the  surface,  but  rather  deep  to 
the  surface.  Therefore,  a  higher  temperature  would  be  expected  deeper 
in  the  cornea,  rather  than  on  the  corneal  surface  itself. 

Similarly,  pressing  the  thermocouple  into  the  tip  of  a  huran  firger, 
which  also  has  a  higher  internal  temperature,  resulted  in  an  Increased 
temperature  reading  of  0.-°  C.  In  contrast,  a  thermocouple  pressed  :r. 
the  cornea  of  an  eye  which  had  been  refrigerated  for  12  hours  and  then 
allowed  to  approach  room  temperature  for  3.5  hour,  showed  a  3.5°  3 
temperature  decrease  with  depression  of  the  cornea.  In  this  case,  the 
temperature  decrease  appears  to  be  caused  by  bringing  the  thermocouple 
tip  closer  tc  a  lower  internal  temperature,  and/or  due  to  decreased 


exposure  of  the  thermocouple  to  heating  by  the  surrounding  ?lr. 

Our  findings  are  somewhat  different  fran  a  previous  Investigation 
of  infrared  (IB)  radiation  of  the  eye  (Goldmann,  1933b).  His  radiation 
source  was  an  arc  lamp,  the  output  of  'which  was  directed  through  2  cm 
of  water  and  aqueous  Lugol's  solution  before  being  focused  on  the  comeal 
surface.  With  this  arrangement ,  the  long  wavelength  infrared  radiation 
was  greatly  attenuated.  The  radiation  that  reached  the  eye  ranged  from 
a  wavelength  of  0.9  to  1.4  u.  Unlike  the  output  of  the  CC2  laser  at 
10.6  u,  these  shorter  IR  wavelengths  can  penetrate  the  cornea  and 
aqueous  humor  (Prince,  1964b).  The  radiation  in  Goldmann’ s  studies 
was  absorbed  by  the  pignent  of  the  colored  irides.  Therefore,  in 
Goldmann's  studies,  the  iris  rather  than  the  comeal  surface  was  the 
primary  site  of  heating. 

Our  finding  that  pre-irradiaticn  temperature  of  the  anterior  sur¬ 
face  of  the  lens  covered  by  the  iris  was  0.7°  C  higher  than  the  exposed 
lens  surface  is  in  agreement  with  Goldmann  (1933a) .  Goldmann  utilized 
chronically  Implanted  gold,  gold-platinun  thermocouples  for  recording 
internal  temperatures ,  but  did  net  record  corneal  surface  temperatures . 

He  found  the  temperature  under  the  iris  in  his  irradiated  eye  was  1  to 
3°  C  higher  than  the  exposed  lens  surface  (Goldmann,  1933b).  In  contrast, 
our  findings  in  eyes  undergoing  C02  laser  irradiation  shewed  that  the 
temperature  under  the  iris  was  lower  than  the  temperature  of  the  exposed 
lens  surface  (Table  II-2) .  In  Goldmann's  studies,  the  higher  posterior 
chamber  temperature  resulted  from  the  irides  beirg  the  source  of  heat 
'the  site  of  radiation  absorption).  Cur  lower  posterior  chamber  tampera- 
ture  resulted  from  the  cooling  or  "protective"  action  of  the  irides. 
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Hofflnam  and  Kunz  (193*0  carried  out  a  series  of  experiments  in 
which  they  studied  the  effects  of  infrared  heating  of  the  eye.  They 
placed  a  suitably  sized  cylinder  along  the  optic  axis  filled  with  heated 
water  in  contact  with  the  cornea  of  a  prcptcsed  eye.  The  temperature 
measured  was  the  difference  between  that  of  the  water  and  the  heated 
aqueous  huncr.  They  heated  the  prcptosed  eyes  of  rabbits  with  water  at 
temperatures  from  47°  to  80°  C  for  six  to  eight  minutes  and  determined 
the  corresponding  temperature  increases  of  the  aqueous  hunor  in  the 
anterior  chamber  by  means  of  a  thermocouple  inserted  vertically  along 
the  axis  of  the  eye  through  the  cornea.  They  reported  that  the  epithelial 
cells  became  temporarily  hazy  when  heated  to  48°  C  and  remained  cloudy 
after  being  heated  to  50°  C.  The  cornea  became  permanently  cloudy  when 
heated  to  65°  C.  The  irldial  vasculature  became  increasingly  narrowed 
as  the  temperature  of  the  aqueous  humor  increased;  the  irldial  arteries 
were  generally  empty  whereas  the  veins  were  enlarged.  The  capillaries 
in  the  deeper  iridial  layers  were  alternately  enlarged  ar.d  constricted 
so  the  appearance  was  that  of  small  sausages .  There  were  grar.ulan 
regions  of  the  subepithelial  lens  fibers  when  the  aqueous  huncr  tempera¬ 
ture  was  increased  tc  46° C;  however ,  the  lens  epithelium  appeared  intact. 
When  the  temperature  of  the  aqueous  humor  was  increased  above  b£3  c,  a 
thick,  'white  sutcapsular  layer  was  produced  in  the  lens .  They  meted  the 
comparatively  increased  damage  'open  heating  an  enucleated  eye,  and  ccm- 
mented  upen  the  cooling  abilities  of  the  ocular  circulation. 

Sane  of  Hofitnann  and  Hunt's  temperature  data  are  in  general 
ment  with  that  in  this  investigation  (Table  11-5' ■  lemparisens  o 
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their  data  with  the  results  in  this  investigation  are  difficult,  how¬ 
ever,  since  they  heated  the  corneas  directly  with  a  water-filled  chamte 
and  did  not  necessarily  maintain  the  temperatures  -within  this  chamber 
constant  during  the  six  to  eight  minutes  of  exposure. 


CHAPTER  III 


PRESSURE  AT  ID  TEMPERATURE  DETERMINATIONS  IN  THE  ANTERIOR  CHAMBER 
OP  THE  RAEEIT  EYE  DURING  C02  IRRADIATION  CP  THE  CORNEA 

Pine,  Zimmerman  and  Fine  (IS 66)  and  Pine,  Pine,  Peacock,  Geeraets 
and  Klein  (1967)  reported  the  presence  of  concavities  of  the  anterior 
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surfaces  of  lenses  of  eyes  irradiated  at  15-50  "'Van  for  one  second, 
then  excised  and  fixed.  The  unwhitened  indentations  were  often  present 
following  high  power,  non-perforating  exposure  of  the  corneas.  Indenta¬ 
tions  were  always  present,  but  were  whitened,  following  exposures  which 
perforated  the  cornea,  in  these  rabbit  eyes. 

Geeraets,  Pine  and  Pine  (1969)  reported  additional  investigations 
on  the  lens  indentation  following  non-perforating  C02  laser  irradiations 
of  the  cornea.  The  paver  densities  and  exposure  tines  ranged  from  9  to 
20  W/cm^  and  1  to  4  seconds  respectively.  The  initial  correal  scarring 
and  opacities  resulting  from  these  irradiations  made  inspection  of  the 
lens  in  vivo  nearly  impossible.  They  reported  the  appearance  of  anterior 
lens  indentation  ,  however,  in  one  living  rabbit  eye  nine  months  after 
irradiation  cy  slit  lamp  examination  through  the  clear  peripheral  por¬ 
tion  of  the  cornea  central  to  the  limbus. 

The  absorption  of  C02  laser  radiation  by  the  cornea  has  been  dis¬ 
cussed  in  Chapter  II.  Only  a  negligible  percentage  of  the  original 
energy  impinging  on  the  cornea  could  have  been  transmitted  through  a 
500  u  thick  cornea.  Even  with  ablation  and  penetration  of  the  ccrr.ea, 
a  thickness  of  aqueous  humor,  3  millimeter  maximum  thickness,  may  separate 
the  posterior  surface  of  the  cornea  and  the  anterior  surface  of  the  lens. 
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The  absorption  coefficient,  a  ,  of  the  aqueous  honor  at  10.6  u  is 
proably  more  similar  to  that  of  sea  water  (  a  approx.  750  cm-1)  than  to 
that  of  tissue  and  would  result  in  an  even  greater  attenuation  of  the 
radiation.  Therefore,  during  non-perforating  CO2  laser  comeal  irradia¬ 
tion,  essentially  no  10.6  u  energy  would  impinge  or.  the  lens  surface. 

During  carbon  dioxide  laser  corneal  irradiation,  the  temperature 
and  possibly  the  pressure  of  the  anterior  chamber  may  be  increased. 

Data  from  Chapter  II  indicated  that  the  aqueous  humor  temperature  is 
increased.  The  eye  is  essentially  a  closed,  filled  cavity;  the  vclune 
of  the  anterior  chamber  is  small  (0.25  cc  in  the  adult  rabbit  eye).  Ele¬ 
vated  aqueous  hunor  temperatures  together  with  an  alteration  in  corneal 
curvature  may  increase  the  intraocular  pressure.  This  pressure  elevation 
might  not  be  maintained  since  an  increased  flow  rate  through  the  trabecu¬ 
lar  region  may  occur  in  response  to  increased  intraocular  pressure,  and 
the  alteration  in  the  corneal  curvature  might  not  be  permanent.  It  ^cuid 
therefore  'ce  of  interest  to  determine  the  pressures  associated  with 
steady-state  threshold  and  s uprathres ho Id  CO2  laser  irradiations  of  the 
cornea.  Furthermore ,  since  lens  indentation  has  been  produced  without 
corneal  perforation  on  pulsed  CO2  corneal  irradiation,  it  would  be  of 
interest  to  measure  the  intraocular  temperature  and  pressure  elevations 
associated  with  pulsed  relatively  high  power  density  irradiation  of  the 
cornea,  and  to  determine  the  relationship  between  these  parameters  and 
the  lens  indentation. 

The  avascular  cornea  and  lens  are  dependent  for  normal  metabolism  in 
part  on  the  aqueous  humor  produced  by  the  ciliary  processes  and  irides; 


an  alteration  in  metabolism  could  result  in  lessened  optical  clarity. 
Increased  temperature  and  pressure  caused  by  irradiation  of  the  cornea 
could  injure  the  ciliary  processes  and  irides  and  thereby  permanently 
alter  aqueous  hunor  production  and  composition.  An  altered  aqueous 
honor  composition  might  impair  lenticular  and  comeal  metabolism  and 
decrease  the  optical  clarity  of  these  tissues. 

'Determination  of  the  alteration  in  all  aqueous  honor  components 
would  be  difficult  since  a  large  nunber  of  substances  are  normally  pres¬ 
ent  in  relatively  small  quantities.  According  to  Davscn  (1969),  however, 
irritation  of  the  iridial  vasculature  can  result  in  a  breakdown  of  the 
blood-aqueous  hunor  barrier,  thus  producing  an  increase  of  protein  in  the 
aqueous  hunor.  Evans  blue  is  an  innocuous  dye  with  a  great  affinity  for 
serun  proteins.  Injected  intravenously,  it  will  indicate  the  presence 
of  any  extravasated  plasma  proteins.  After  an  intravenous  injection  of 
Evans  blue,  any  Increased  flow  of  plasma  prorein  into  the  aqueous  hunor 
following  CO2  laser  irradiation  of  the  cornea  should  tint  the  anterior 
chamber  a  characteristic  blue.  Also,  soluble  protein  can  be  measured  by 
UV  spectroscopy;  this  technique  requires  the  removal  of  aqueous  hunor 
but  is  not  destructive  to  the  sample. 

Therefore,  the  purposes  of  this  chapter  are:  1)  to  determine  the 
temperature  and  pressure  in  the  anterior  chamber  during  and  immediately 
following  both  continuous  suprathreshold  'unfocused  and  pulsed  focused 
CC2  laser  irradiation  of  the  cornea  at  the  power  levels  we  had  available, 
and  to  determine  the  conditions  of  temperature  and  pressure  ’under  which 
lens  indentation  occurs;  and  2)  to  investigate  the  effect  of  non-perforating 
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laser  irradiation  of  the  cornea  on  the  increase  of  aqueous  honor  protein 
as  a  possible  reflection  of  its  effect  on  the  blood  aqueous  barrier. 

Methods  and  Materials 


Laser 

.  The  laser  used  in  these  experiments  is  described  in  Appendix  1. 

Low  cower  density  irradiation 

Low  power  density  (100  to  350  nW/cm^)  irradiations  of  the  cornea 
were  carried  out  as  described  in  Chapter  II. 

High  power  density  irradiation 

Since  the  power  output  of  the  laser  was  about  10  watts,  higher 
paver  density  outputs  were  obtained  by  focusing  the  bean  through  a 
specially  constructed  focusing  cone,  designed  for  use  with  the  CO2 
laser  bean.  Diagrammatic  views  of  this  device  are  shown  in  Figure  III-l. 
It  had  been  turned  out  on  a  lathe  from  a  25  x  60  millimeter  outside  diam¬ 
eter  aluminum  rod.  The  center  was  a  truncated  cone  whose  axis  coincided 
with  that  of  the  aluminum  rod.  The  conical  inner  walls  had  been  coated 
with  gold  in  a  vacuum  diffusion  chamber  tc  Increase  the  reflectivity  of 
the  unit. 

In  use,  the  cone  was  aligned  so  that  its  axis  coincided  with  that 
of  the  laser  bean  directed  at  the  entrance  port  (base  of  the  cone). 
Radiation  entering  the  cone  was  internally  reflected  forward  through  the 
exit  aperture  (Mendenhall  wedge  effect).  The  greatest  portion  of  tr.e 


entering  energy  was  collected  in  a  5  millimeter  diameter  area  approxi¬ 
mately  5  millimeters  distal  to  the  exit  port  of  the  cone  (the  truncated 
portion  of  the  apex  of  the  cone) .  It  was  calculated  that  the  energy 
density  in  this  focal  region  would  be  greatest  at  the  center  (for  a 
gross  approximation  of  the  energy  density  distribution  of  the  bean  in 
this  region  see  Figure  III-2) .  In  order  to  align  the  cone  a  section  of 
Thermcfax  paper  was  held  approximately  20  millimeters  distal  to  the  exit 
port — when  the  axis  (laser  beam  and  cone)  were  aligned,  a  bulls' -eye 
pattern  was  produced,  the  outer  ring  of  which  was  considerably  less 
intense  than  the  central  spot.  If  improperly  aligned,  the  inner  spot 
produced  was  eccentrically  located. 

Hie  power  output  at  the  exit  of  the  cone  was  maintained  at  6  to  7 
watts  during  irradiation.  Pre-irradiation  measurements  were  made  with 
a  Coherent  Radiation  Model  201  detector. 

Pressure  Measurement  Unit 

Mercury  Manometer  Used  for  Observing  Pressure  Elevation 

Initial  anterior  chamber  pressure  measurements  were  made  by  means 
of  a  mercury  manometer.  This  device  is  shown  schematically  in  Figure 
III-3.  Intraocular  pressure  changes  were  measured  by  connecting  the 
anterior  chamber  via  a  hypodermic  needle  to  a  closed  system  of  normal 
saline  abutting  a  mercury  reservoir  and  a  one  millimeter  inside  diameter 
capillary  tube.  For  added  sensitivity  the  manometer  capillary  tube  axis 
was  at  an  angle  of  45  degrees  to  the  vertical. 

For  calibration  of  the  manometer  a  strip  graduated  in  millimeters 
was  attached  parallel  to  the  capillary  tube.  The  manometer  system 
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needle  was  inserted  into  the  listen  of  a  section  of  Tygcn  tubing  filled 
with  rental  saline .  The  mercury  colutn  was  calibrated  at  0  mn  of 
mercury  (ambient  atmospheric  pressure),  20,  50,  75,  and  100  ran  of  mer¬ 
cury  based  on  heights  of  0,  27.2,  68, 102, and  126  centimeters  of  normal 
saline  respectively  (the  specific  gravity  of  normal  saline  is  approxi¬ 
mately  'unity). 

The  Modified  Mercury  Manometer  System  Used  for  Measuring  Intra_- 
ocular  Pressure 

In  order  to  record  the  transient  pressure  pulse  this  mananeter  was 
modified  as  follows  (Figure  III -4):  a  tungsten  wire  (5-51  ohms/cm  at 
20  C)  was  threaded  into  the  mercury  colutn  in  the  capillary  tube;  a 
stainless  steel  wire  (0.007  inches  diameter)  was  inserted  through  the 
Tygon  tubing  into  the  manometer  saline  reservoir.  A  potential  differ¬ 
ence  of  22  volts  was  applied  between  the  tungsten  and  stainless  steel 
wire  from  a  power  supply  (Sorenson  3  Ncbitrcn  OR  40).  Variations  in  the 
height  of  the  mercury  colutn  altered  the  resistance  in  the  circuit  by 
changing  the  exposed  length  of  the  tungsten  'wire.  The  electrical  output 
from  this  pressure  measuring  device  was  recorded  'using  a  Mass a  Cchu  ampli¬ 
fier  recorder  (PR  201)  or  an  oscilloscope  fitted  with  a  Polaroid  camera. 

Statham  Transducer  System  Used  for  Recording  Intraocular  Pressure 

In  the  major  phase  of  this  investigation,  the  mercury  manometer 
was  replaced  with  a  Statham  ?32  AA  pressure  transducer  connected  by 
means  of  a  short  section  of  Tygcn  tubing  to  the  glass  tubing.  The  sys¬ 
tem  was  filled  with  normal  saline,  containing  100  units  of  r.eparin/lCC  ml 
to  prevent  blockage  of  the  hypodermic  r.eedle  sealed  into  the  anterior 
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chamber.  Outputs  from  the  transducer  as  well  as  the  amplified  output 
from  the  thermocouple  were  recorded  on  separate  channels  of  a  Gilson 
Polygraph  (Model  M  8  PM) .  A  diagrammatic  representation  of  the  set  up 
is  shewn  in  Figure  III-5.  Although  the  transducer  was  equipped  with  a 
self-contained  pressure  calibration,  the  device  was  also  calibrated  with 
a  column  of  saline  as  previously  described. 

Temperature  Measurements 

A  thermocouple  (chromel-constantan)  (TC-RC-IT-2C0  3LH)  was  used  to 
measure  the  temperature  of  the  aqueous  humor.  The  associated  equipment 
and  circuitry  required  to  produce  recordings  of  temperatures  from  the 
thermocouple  have  been  described  in  Chapter  II.  The  calibration  proced¬ 
ure  was  described  in  the  same  section. 

Simultaneous  Pressure  and  Temperature  Measurements  in  the  Anterior  Chamber 
During  CO2  Laser  Irradiation  of  the  Cornea 

In  early  experiments  attempts  were  made  using  the  modified  mercury 
manometer  (Figure  III -4)  and  the  thermocouple  to  make  simultaneous  pres¬ 
sure  and  temperature  recordings  during  a  CO2  laser  comeal  irradiation. 

The  output  of  the  manometer  circuit  was  connected  to  a  dual  trace  oscillo¬ 
scope  or  to  separate  channels  of  a  Massa  Cohu  PH  201  recorder,  'when  pres¬ 
sure  charges  were  measured  with  the  Statham  transducer,  the  output  of 
this  device  and  that  of  the  thermocouple  were  recorded  on  separate  channels 
of  a  multichannel  Gilscn  Polygraph. 

Animals 

Over  200  male  and  female  albino  rabbits  (5  to  10  pounds)  were  used 
in  this  study.  Each  animal  was  systemicaliy  anesthetized  with  an  intra¬ 
muscular  injection  of  Innovar  Vet  (fentanyl  34  mg/ml,  droperidcl 


20  mg/ml , McNeil ) .  The  volume  of  Innovar  Vet  required  for  adequate 
anesthesia  varied  fran  0.1  to  0.2  ml  per  pound  of  body  weight.  Atro¬ 
pine  sulfate  (0.02  to  0.06 milligrams  per  pound)  was  administered  intra¬ 
venously  to  control  respiratory  distress.  The  eyes  were  anesthetized 
by  the  instillation  of  Cphthetic  drops  (proparacaine  HCl-Allergan) 
approximately  five  minutes  prior  to  exposure.  The  pupils  were  dilated 
when  necessary  prior  to  irradiation.  In  earlier  trials  a  solution  of 
2%  atropine  sulfate  was  used.  In  later  cases,  however,  a  1%  solution  of 
Mydriacil  (bis-tropicamide,  Alcon)  was  employed. 

Prior  to  irradiation  each  animal  was  placed  in  a  rabbit  box  fitted 
with  a  chin  rest,  -he  head  was  immobilized  in  position  with  tape  and  the 
eyelids  held  apart  with  a  metal  speculum. 


Technique  for  In  Vivo  Pressure  Measurements  in  the  Anterior  Chamber 
During  C02  Laser  Irradiation  of  the  Cornea 

For  pressure  measurements  in  the  living  eye  (with  either  the  mer¬ 
cury  manometer  or  the  Stathan  transducer)  the  anesthetized,  immobilized 
rabbit  was  positioned  so  the  axis  of  the  irradiating  beam  and  the  axis 
of  the  eye  approximately  coincided  (Figure  III -6).  The  animal  was  posi¬ 
tioned  5  tin  distal  to  the  exit  port  of  the  focusing  cone.  Proper  align¬ 
ment  of  the  position  of  the  eye  could  be  made  prior  to  irradiation  by 
sighting  down  the  axis  of  the  cone.  The  eye  was  gently  proptosed,  stabi¬ 
lizing  with  the  aid  of  pressure  from  a  cotton-tipped  applicator  and  the 
horizontally-held  manometer  needle  rapidly  inserted  through  the  cornea 


slightly  anterior  to  the  limbus .  During  the  Insertion,  the  iris, 


and  posterior  surface  of  the  cornea  were  avoided.  Cnee  in  place. 


needle  was  sealed  to  the  corneal  surface  with  Eastman  910  adhesive 


the 
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(methyl  cyanoacrylate).  The  eye  was  released  from  proptosis  and  the 
lids  held  open  with  a  metal  speculin.  The  aqueous  humor  pressure  was 
adjusted  to  20  on  of  Hg  (above  atmospheric  pressure)  and  sealed  by  means 
of  a  clamp  on  the  manometer  Tygcn  tubing.  The  cornea  was  then  irradiated 
and  the  maximum  excursion  of  the  mercury  column  observed  and  recorded. 

Simultaneous  Recordings  of  Pressure  and  Temperature  in  the  Anterior 
Chamber  During  CO2  Laser  Irradiation  of  the  Cornea 

Attempts  were  then  made  to  record  concomitant  pressure  and  tempera¬ 
ture  variations  in  the  anterior  chamber  during  corneal  irradiation.  To 
accomplish  this,  the  manometer  needle  was  inserted  and  sealed  into  the 
proptosod  eye  as  described  above.  The  aqueous  humor  pressure  was  adjusted 
to  20  inn  Kg,  and  the  thermocouple  inserted  through  a  second  comeal  punc¬ 
ture  made  by  a  24  g  hypodermic  needle.  This  insertion  site  was  anterior 
to  the  superior  portion  of  the  limbus.  The  thermocouple  was  positioned 
so  the  heat  sensing  tip  was  about  1  mm  anterior  to  the  center  of  the 
anterior  surface  of  the  lens.  It  was  immobilized  and  then  sealed  to  the 
cornea.  Following  this  procedure  the  intraocular  pressure  was  readjusted 
to  20  mm  Kg 

The  eye  was  positioned  so  the  axis  of  the  beam  was  coaxial  with  the 
underlying  thermocouple  tip.  In  certain  instances,  the  irradiating  beam 
was  shifted  so  the  axis  was  displaced  laterally  by  approximately  3  trr.. 

Pressure  and  temperature  were  measured  simultaneously  in  eyes  during 
either  continuous  low  power  density  irradiations  of  the  entire  corneal 
surface  or  pulsed  high  power  irradiation  of  a  5  nm  diameter  area  of  the 
center  of  the  cornea.  The  lower  power  density  irradiations  ranged  from 
100  to  350  nsW/cm^  for  10  to  20  minutes.  The  high  power  density 


75 

irradiations  were  all  carried  out  with  an  average  power  density  of 
about  30  to  35  W/cn  ,  i.e.,  6  to  7  watts  focused  through  the  cone  on  a 
5  m  diameter  area.  The  pulse  length  of  the  majority  of  these  irradia¬ 
tions  ranged  from  0.5  to  1.75  seconds.  Some  eyes  were  irradiated  con¬ 
tinuously  'until  the  corneas  perforated. 

Observation  of  "he  Alteration  of  Correal  Curvature  During  Laser  Irradia¬ 
tion 

The  corneal  surface  was  observed  in.  several  eyes  during  irradiation 
of  the  center  of  the  corneal  surface  with  the  focused  CO2  laser  beam 
(7  watts  for  one  second).  The  comeal  surface  was  ’/dewed  at  right  angles 
to  the  optic  axis  of  the  eye  against  a  section  of  millimeter-ruled  graph 
paper  in  order  to  estimate  the  distance  the  cornea  moved  during  irradia¬ 
tion.  Also,  in  order  to  record  any  corneal  surface  displacement ,  photo¬ 
graphs  we re  taken  prior  to  and  immediately  post  irradiation. 

The  irradiated  eyes  were  enucleated  and  dissected  immediately  to 
determine  the  distance  between  the  posterior  surface  of  the  cornea  and 
the  anterior  surface  of  the  lens. 

Investigation  of  the  Effect  of  Heat  on  the  Lens  Cortex 

In  order  to  investigate  the  effect  of  heat  upon  lenses  the  following 
experiment  was  carried  cut :  The  lens  was  removed  from  enucleated  unirradi 
ated  eyes  by  cutting  the  zonules.  It  was  decapsulated  by  pulling  the 
comer  of  the  centrally-incised  posterior  capsule  laterally  ar.d  anteriorly 
The  decapsulated  lens  was  then  placed  on  its  posterior  surface,  a  stream 
of  heated  water  C7C°  C,  10  ml  in  a  glass  pipette)  'was  directed  to  the 
mid-anterior  surface.  Similar  treatment  was  carried  out  on  different 


control  lenses  with  water  heated  to  ^0°  C.  The  appearance  of  the  lens 
was  observed  and  recorded,  then  placed  in  2%  glutaraldehyde . 
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Certain  eyes  were  irradiated  over  the  mid-cornea  at  7  watts  focused 
for  1-1/2  seconds  and  then  enucleated.  The  lenses  were  dissected  and 
decapsulated  as  described  above,  then  examined . 

Increased  Protein  in  the  Aqueous  Hut. or  Following  h'or.-Perforating  Irradia¬ 
tion  of  the  Comea  with  a  CO 2  Laser  Bear. 

Qualitative  Ceterminaticrs  with  Evans  Blue 

Prior  to  irradiation,  1.5  to  2.0  ml  of  10  percent  solution  of  Evans 
blue  was  injected  intravenously  into  six  animals  via  the  marginal  ear 
vein.  This  was  done  prior  to  irradiation  in  all  animals  in  this  group 
and  also  at  intervals  post  irradiation  in  a  few  of  these  animals.  Observa¬ 
tion  of  the  dye  in  the  irradiated  and  the  contralateral  control  eye  was 
noted  visually.  Spec tropho tome trie  determinations  of  Evans  blue  concen¬ 
tration  were  done  on  dilutions  of  aqueous  aliquots  sampled  with  a  yZ 
microliter  Hamilton  syringe. 


Quantitative  Determination — UV  Scectrcsecpy 

Protein  concentration  determinations  were  made  of  paired  control, 
and  irradiated  and  contralateral  control  aqueous  humor.  Determinations 
were  made  by  one  or  more  cf  the  following  spectrcphotcmetric  methods : 


1)  the  Kalckar  modification  (19^7)  of  the  method  of  Warburg  and  Christian. 
In  this  method  (1.^5  times  the  optical  density  at  22C  m)  minus  (0.55 
times  the  optical  density  at  260  rm)  is  equal  to  the  grams  percent  pro¬ 
tein.  2)  The  method  cf  Waddell  (1956).  In  this  method  the  difference 
between  the  C.D.  at  215  m  and  that  at  225  rm  is  multiplied  by  a  factor 
( Idii  fGr  the  Beckman  DU  Spectrophotometer);  the  product  is  micrograms  of 
protein  per  milliliter  of  solution  (ug/ml).  Bovine  serum  albumin 


standards  as  reference  were  concomitantly  assayed. 
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The  left  eyes  of  a  group  of  two  sets  (13  albino  rabbits)  of  appar¬ 
ently  identical  litter  mates  were  irradiated  at  6  watts  for  1.5  seconds; 
the  animals  were  routinely  anesthetized  and  their  exposed  eyes  irradiated 
with  the  cone  on  one  of  the  following  sites :  (A)  the  corneal  surface 

over  the  center  of  the  well  dilated  pupil;  (3)  the  comeal  surface  over 
the  iris  adjacent  to  the  pupil;  (C)  the  corneal  surface  over  the  mid-radius 
of  the  iris;  (D)  the  scleral  surface  over  the  ciliary  muscle  region 
(approximately  2  millimeters  posterior  to  the  limbus).  Only  the  eyes 
irradiated  over  Site  A  were  dilated  with  Mydriacyl  prior  to  irradiation. 

One  pair  of  eyes  were  not  irradiated  and  served  as  controls.  Eyes  were 
sampled  immediately  post  irradiation  or  at  one  or  two  days  after  expos¬ 
ure.  Each  eye  was  proptosed  and  sampled  once  with  a  50  uL  Hamilton 
microliter  syringe  inserted  into  the  anterior  chamber.  The  aliquot  of 
aqueous  humor  was  diluted  with  30  ml  of  noimal  saline  and  the  optical 
densities  determined  at  215  and  225  nm,  and  at  260  and  280  m  on  the 
Beckman  DU  spectrophotometer.  Bovine  serum  albunin  standards  were  deter¬ 
mined  concomitantly .  The  animals  were  killed  (after  sampling);  the  eyes 
were  enucleated  and  fixed  in  3%  glutaraldehyde .  Each  fixed  irradiated 
eye  was  dissected  and  examined  ’under  a  dissecting  microscope.  In  this 
manner  the  location  of  the  irradiation  could  be  verified  by  changes  in 
the  cornea  and  underlying  iris. 

Results 

Initially ,  maximun  pressure  elevations  were  gauged  visually  using 
the  mercury  manometer  on  irradiation.  Ihe  range  of  observed  intraocular 
pressure  peaks  varied  considerably;  during  1/2  to  1  second  irradiations 
the  maximun  pressure  elevations  observed  ranged  from  14  to  30  ran  Hg 


and  from  20  to  60  rm  Hg,  respectively.  Numerous  permanent  recordings 
of  the  pressure  pulse  were  obtained  with  the  amplifier-recorder  and 
with  the  oscilloscope-camera  arrangement  using  the  tungsten-wire  tech¬ 
nique,  but  the  results  were  disappointing.  The  recordings  indicated  a 
period  of  pressure  increase  which  approximately  coincided  with  the  dura¬ 
tion  of  irradiation  pulse;  however,  the  peak  values  recorded  were 
approximately  one-half  the  pressure  rise  observed  visually. 

Simultaneous  temperature  and  pressure  recordings  could  not  be 
obtained  with  the  tungsten-wire  system.  There  appeared  to  be  an  inter¬ 
action  between  the  electric  systems.  Because  of  the  inaccuracies  and 
problems,  pressure  measurements  as  discussed  belowvere  therefore  carried 
out  with  the  Statham  transducer. 

Lew  Power  Density  Irradiations  of  the  Entire  Corneal  Surface 

No  pressure  rise  was  detected  in  the  anterior  chamber  on  10-minute 

irradiation  of  the  entire  cornea  at  0.1  w/cm  .  The  temperature  in  the 

anterior  chamber  rose  4°  C  after  three  minutes,  plateauing  at  this  level 

on  irradiation  at  this  power  density.  As  the  power  density  was  increased, 

the  aqueous  tumor  temperature  increased.  At  0.15  w/cm  the  temperature 

increased,  plateauing  at  approximately  5°  C  and  increased  no  more  after 

2 

three  minutes  of  irradiation.  At  0.35  w/cm  there  was  a  gradual  increase 
of  pressure,  plateauing  at  40  m  Hg  in  18  minutes  with  a  temperature  rise 
of  about  12°  C,  which  remained  constant  after  six  minutes.  At  higher 
power  levels  of  irradiation,  the  maximun  pressure  elevation  reached  in  the 
anterior  chamber  with  unperforated  corneas  depended,  within  limits,  upon 
the  duration  of  the  pulse. 
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High  Power  Density  Irradiation  of  the  Mid-Comeal  Surface 

On  short  pulse  duration,  high  power  density  irradiation,  the  pres¬ 
sure  and  temperature  in  the  anterior  chamber  increased  concurrently;  the 
following  are  representative  of  the  data  obtained. 

In  Figure  III-7,  A;  the  eye  had  been  irradiated  at  6  watts  for 
1.5  seconds  with  a  beam  focused  through  the  cone  at  the  center  of  the 
anterior  corneal  surface.  The  pressure  in  the  anterior  chamber  rose 
steadily  from  20  to  79  nm  Hg  at  the  end  of  the  pulse.  Fbliowing  cessa¬ 
tion  of  the  pulse,  the  pressure  fell  to  40  ran  Hg  in  10  seconds,  then  fell 
gradually  to  20  ma  Hg  during  the  next  30  minutes.  In  the  living  eye, 
respiratory  and  arterial  pulses  were  always  readily  observed,  rbr  tempera¬ 
ture  measurements ,  the  thermocouple  was  placed  in  close  approximation  to 
the  center  of  the  anterior  surface  of  the  lens  (i.e.,  in  front  of  the 
pupil)  along  the  axis  of  comeal  irradiation.  The  temperature  rose  to 
73°  C  at  the  end  of  the  pulse  and  returned  to  base-line  levels  (v  35°  C) 
in  several  minutes.  Peripheral  displacement  of  the  thermocouple  resulted 
in  a  lower, delayed  temperature  rise.  Fbr  example,  when  the  thermocouple 
tip  was  located  3  mm  from  the  axis  of  the  irradiating  beam,  the  maximum 
temperature  elevation  was  approximately  10°  C. 

When  irradiation  was  carried  out  at  approximately  the  same  power 
levels  for  0.75  seconds  (Figure  III-7,  3) ,  the  pressure  and  temperature 
elevations  were  correspondingly  less — to  66  mm  Hg  and  I90  C. 

Charges  in  pressure  and  temperature  were  similar  on  irradiation  of 
eyes  in  dead  animals  (Figure  III-7,  C) ,  except  for  loss  of  the  respira¬ 
tory  and  vascular  pulses .  One  minute  following  the  peak  pressure ,  the 
percent  increase  of  peak  pressure  in  live  eyes  was  significantly  higher 
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I; 

than  in  eyes  of  dead  animals  (29.6  percent  +  2.2  S.E.M.,  compared  with 
18.9  percent  +2.1  S.E.M.). 

In  all  eyes  in  which  the  corneas  were  perforated,  the  pressure 
dropped  rapidly  to  zero. 

Gross  observations  and  dissections  were  carried  out  on  both  eyes 
from  animals  irradiated  in  this  portion  of  the  study.  This  was  done  not 
only  on  animals  whose  anterior  chamber  pressure  and  temperatures  had  been 
monitored  but  also  on  similarly  irradiated  eyes  in  which  these  parameters 
had  not  been  measured.  Both  irradiated  and  control  eyes  were  enucleated 
immediately  post  irradiation;  certain  eyes  were  examined  without  fixation, 
others  were  dissected  following  fixation  in  glutaraldshyde . 

Appearance  of  Eyes 

The  appearance  of  the  corneas  after  low  power  (100  to  350nV//cm^) 
continuous  irradiation  has  been  described  in  Chapter  II.  Mo  gross  internal 
alterations  were  observed  in  these  eyes. 

The  corneal  site  of  cone-focused  (6-7  W)  irradiations  was  immediately 
whitened  'oy  exposures  lasting  more  than  0.5  seconds.  The  diameter  of 
the  ccmeal  lesion  increased  as  a  function  of  exposure  time.  For 
example,  the  diameter  was  1  millimeter  after  a  0.5  second  exposure  ar.a 
about  2  millimeters  on  a  1.75  second  exposure.  Furthermore,  irradiation 
pulses  of  1  second  and  longer  ablated  the  center  of  the  irradiated  area. 

(See  Figure  III -8) • (Mote  that  this  eye  had  been  monitored  for  pressure 
and  temperature.)  A  1.5  second  irradiation  produced  a  1  si  diameter 
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crater  whose  depth  was  approximately  cne-haif  the  thickness  of  the 
cornea;  blackened  material  was  observed  on  the  walls  of  the  crater. 
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After  3  seconds  of  focused  irradiation  (6-7  v;atts)  the  corneas  per¬ 
forated  and  heated  aqueous  humor  was  expelled. 

Dissection  of  corneas  showed  that  the  irradiated  site  was  thickened — 
thickening  of  the  tissue  immediately  adjacent  to  the  axis  of  the  irradiat¬ 
ing  beam  increased  as  the  pulse  duration  increased. 

Dissection  also  revealed  that  the  anterior  chamber  depth  had 
decreased  markedly  following  1.5  to  1.75  second  focused  irradiations  of 
the  cornea.  The  posterior  surface  of  the  corneas  appeared  to  be  in  contact 
with  the  anterior  iridial  surfaces  and  was  close  to  the  anterior  lenticu¬ 
lar  surface.  This  was  observed  in  both  unfixed  and  fixed  eyes. 

The  relative  distance  between  the  cornea  and  the  anterior  lens  sur¬ 
face  was  monitored  during  irradiations  of  several  eyes.  By  the  termina¬ 
tion  of  a  focused  7-watt  irradiation  the  radius  of  curvature  of  the  cornea 
appeared  to  have  increased;  the  anterior  surface  was  displaced  approxi¬ 
mately  two  millimeters  posteriorly.  As  a  result  the  anterior  chamber 
depth  appeared  to  be  decreased  temporarily  (Figure  III-9). 

Lenses  from  the  unfixed  excised  (irradiated  and  control)  eyes  were 
examined  following  reflection  of  the  corneas  or  dissection  from  the  eyes. 
Examinations  wore  made  by  oblique  illumination  under  a  dissecting  micro¬ 
scope.  The  anterior  surfaces  shewed  a  normal  shagreen  and  were  smoothly 
curved.  In  eyes  in  which  the  corneas  had  perforated  during  irradiation 
there  was  a  small  (approximately  1  millimeter  in  diameter)  whitened  area 
coaxial  with  the  site  of  perforation  on  the  anterior  surface  of  the  lens 
but  there  was  no  sign  of  an  indentation. 

Certain  of  these  unfixed  lenses  were  decapsulated  as  described. 

The  capsules  were  removed  readily  from  all  control  lenses  without  the 
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obvious  adherence  of  any  cortical  material  and  the  contour  of  the 
exposed  anterior  surface  of  the  lens  remained  smoothly  convex.  In  con¬ 
trast,  decapsulation  of  unfixed  lenses  from  eyes  following  focused  irradia¬ 
tions  with  6-7  watts  for  1.5  seconds  or  longer  did  not  result  in  such 
complete  separation  of  capsule  and  underlying  lens  material  on  strippage. 

A  region  of  sub  capsular  material  coaxial  with  the  site  cf  comeal  irradia¬ 
tion  remained  attached  to  the  posterior  of  the  capsule.  Apparently  it 
had  pulled  away  from  the  remainder  of  the  lens  cortex.  The  surface  of 
the  resultant  crater  was  irregular;  the  diameter  was  approximately  2  mm. 

Eyes  fixed  in  glutaraldehyde  or  formalin  following  irradiation  and 
enucleation  were  also  examined.  The  appearance  of  the  site  of  irradia¬ 
tion  of  the  cornea  was  not  remarkably  different  from  that  observed  in 
unfixed  eyes.  The  anterior  lens  surface  of  all  eyes  irradiated  for 
1.5  seconds  or  longer  through  the  cone,  then  excised  and  fixed,  however, 
showed  indentations  (Figure  III -10)  which  appeared  to  be  coaxial  with 
the  comeal  lesions.  These  pulses  had  raised  the  temperature  near  the 
lens  surface  to  60  or  70°  C.  The  diameter  of  these  Indentations,  2-3 
millimeters  appeared  to  have  increased  with  increasing  pulse  length.  The 
indentations  from  perforated  eyes  were  whitened.  Indentations  were  still 
demonstrable  in  lenses  from  eyes  excised  and  fixed  in  glutaraldehyde  or 
formalin  nearly  one  year  following  focused  irradiation  (6-7  watts,  1.5 
seconds  or  longer) .  Indentations  were  never  found  in  lenses  from  eyes 
that  had  been  similarly  fixed  tut  not  irradiated,  or  from  eyes  irradiated 
for  shorter  periods  of  time  (i.e.,  with  pulses  cf  power  and  time  insuffi¬ 
cient  to  raise  the  underlying  aqueous  humor  to  a  temperature  greater 
than  60°  C) . 
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Indented  and  contralateral  control  lenses  from  eyes  excised  immediately 
post  irradiation  were  stained  by  immersion  in  1*  acid  orcein,  after  fixa¬ 
tion.  The  indented  areas  stained  a  light  yellow,  the  remainder  of  the 
lens  as  well  as  the  entire  control  lenses  were  stained  an  even  maroon 
color. 

Lenses  were  dissected  from  unirradiated  eyes  and  the  center  of  the 
anterior  surfaces  were  heated  with  water  (approximately  70°  C)  as  described. 
When  these  lenses  were  decapsulated,  the  cortical  material  underlying  the 
previously  heated  area  adhered  to  the  capsule.  The  exposed  lens  cortex 
had  a  ragged  crater  which  appeared  similar  to  those  observed  when  lenses 
from  irradiated  eyes  were  decapsulated.  ’When  lenses  were  heated  in  this 
manner  following  decapsulation,  a  smooth  indentation  appeared  immediately. 
(This  did  not  occur  when  decapsulated  lenses  were  treated  ’with  water  at 
40°  C.)  These  indentations  in  heated  decapsulated  lenses  were  present 
without  fixation;  when  these  lenses  were  fixed  in  glutaraldehyde  or 
formalin  the  indented  region  appeared  slightly  larger. 

Lens  indentations  were  never  observed  in  material  fixed  in  100' 
ethanol  following  irradiation — regardless  of  the  pulse  length.  Examina¬ 
tion  revealed  that  the  lens  capsule  was  slightly  irregular  in  a  circu¬ 
lar  region  (approximately  2  rrm  diameter),  however,  which  appeared  to  be 
coaxial  with  the  corneal  irradiation  site. 

Investigation  of  the  Protein  Concentration  of  the  Aqueous  Humor  Follow¬ 
ing  Irradiation  of  the  Cornea  with  the  CC_  Laser  Seam 

Qualitative — Evans  31ue 

'When  a  non- perforating  CO2  laser  suprathreshcld  irradiation  was 
directed  at  a  region  of  the  cornea  anterior  to  the  iris,  the  following 


events  were  noted  in  animals  previously  injected  (I.V.)  with  Evans  Blue. 
In  the  irradiated  eye,  the  anterior  chamber  immediately  became  a  deep 
blue.  Also,  the  tears  in  these  eyes  were  blue,  presumably  from  trauma¬ 
tization  of  the  conjunctival  vasculature  by  the  speculum.  Injections  of 
Evans  Blue  two  days  following  the  irradiation  still  resulted  in  colora¬ 
tion  of  the  aqueous  humor.  Only  slight  coloration  of  the  aqueous  humor 
was  observed  following  focused  irradiation  of  the  cornea  over  the  center 
of  the  well-dilated  pupil.  In  the  contralateral  control  eyes  neither  the 
anterior  chamber  humor  nor  tears  were  colored. 

This  technique  was  not  utilized  to  quantitate  the  increased  aqueous 
humor  protein  study  because  of  the  lack  of  sensitivity.  Following  neces¬ 
sary  dilution  of  the  aliquot  (for  the  darkest  of  aqueous  humor  samples ) 
with  normal  saline,  the  resultant  optical  density  value  at  750  rm  (where 
there  appeared  to  be  an  absorption  peak  for  Evans  blue)  was  very  small. 

Quantitative  Determination — UV  Spectroscopy 

The  modified  method  of  Warburg  and  Christian  (Kalckar,  19^7)  was 
not  suitable  for  the  determination  of  aqueous  humor  protein  levels  in 
diluted  samples  fran  individual  control  eyes  in  this  study.  The  method 
could  be  utilized  only  for  determination  of  protein  in  aliquots  from 
eyes  which  had  suffered  the  most  damage  (e.g.,  irradiation  of  the  cornea 
over  the  nid-radius  of  the  iris).  Furthermore,  seme  of  the  samples  from 
irradiated  eyes  had  optical  densities  at  260  nm  which  were  greater  than 
at  280  rm.  (Use  of  such  data  'with  the  formula  of  Kalckar  would  have 
given  negative  'values . ) 

Using  the  method  of  Waddell  (1955),  protein  was  determined  in  the 


aqueous  humor  of  control  eyes  and  those  irradiated  at  ’various  sites 
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(Figure  III- 11).  The  protein  levels  of  control  eyes,  60  mg?,  were  simi¬ 
lar  to  those  reported  by  others  (Davson,  1369)  of  50  mg?.  The  height 
and  duration  of  the  protein  elevations  in  irradiated  eyes  depended  on 
the  location  of  the  irradiation  site  and  the  interval  between  irradia¬ 
tion  and  sampling.  In  these  experiments,  each  eye  was  sampled  only  once. 
The  maximal  aqueous  hunor  protein  elevation  occurred  following  irradia¬ 
tion  of  the  cornea  over  the  iris  at  Site  C  (Figure  III-ll).  Initially, 
the  protein  concentration  increased  to  about  ten  times  normal  one  day 
post  irradiation  (636  vs  60  mg?).  The  concentration  decreased  slightly 
on  the  ensuing  day.  The  elevation  following  irradiation  of  the  cornea 
at  Sice  B  (i.e.,  the  corneal  surface  directly  over  the  edge  of  the 
pupil)  rose  gradually  to  a  max  inn  (approximately  350  mg?)  two  days  post 
irradiation.  Irradiation  over  Site  D  (sclera  over  the  ciliary  body) 
resulted  in  a  slight  increase  of  aqueous  humor  protein  which  continued 
to  rise  in  the  day  following  irradiation.  The  two-day  sample  of  this 
group  was  lost.  Irradiation  of  the  cornea  at  Site  A  (the  comeal  sur¬ 
face  directly  over  the  center  of  the  well -dilated  pupil)  did  not  increase 
the  aqueous  humor  protein  concentration  during  the  two  days  following 
irradiation.  These  results  suggest  that  the  increase  of  intraocular 
pressure  per  se  did  not  result  in  damage  to  the  blood  aqueous  barrier. 
Temperature  as  well  as  pressure  elevations  appeared  to  be  involved  in 
this  injury. 

Following  sampling,  anesthetized  animals  were  killed,  the  eyes 
enucleated  and  fixed  in  glutaraldehyde .  Gross  dissection  of  the  fixed 
eyes  were  carried  cut .  Hemorrhagic  regions  of  the  iris  or  ciliary  body 
vasculature  verified  that  the  expected  areas  were  actually  injured  cn 


irradiation.  The  eyes  irradiated  at  Site  A  contained  lenses  with  indenta¬ 
tions  of  the  anterior  surfaces.  Lenses  from  eyes  irradiated  at  Site  3 
and  C  showed  seme  irregularities  of  the  anterior  lens  surfaces  in  the 
respective  regions. 

Discussion 

The  absorption  coefficient  for  tissue  at  10.6  u  has  been  determined- 
as  150  to  270  cm“^.  The  approximate  values  for  the  adult  rabbit  eye 
cornea  and  anterior  chamber  depths  (along  the  visual  axis)  are  0.05  and 
0.3  cm,  respectively  (Prince,  1964a).  The  radiation  transmitted  to  the 
lens  surface  can  be  estimated  by  the  formula  I/I0  *  e-0*  ,  where  a  ~ 
the  absorption  coefficient  for  tissue  or  water  (aqueous  humor)  and  x  = 
the  distance  in  centimeters.  For  example,  it  was  estimated  that  less 
than  1%  of  the  radiation  incident  on  the  corneal  surface  would  be  trans¬ 
mitted  to  the  posterior  surface  of  the  cornea,  utilizing  the  lower  value 
of  a  for  tissue.  Therefore,  even  if  only  a  part  of  the  cornea  were 
rntact,  it  is  apparent  that  the  percentage  transmitted  through  the  0.3 
cm  of  aqueous  hur.or  to  the  lens  surface  would  be  extremely  small  and 
thus  non-perforating  CO2  laser  corneal  irradiations  should  not  be  hazard¬ 
ous  to  the  lens.  Experimental  data,  however,  indicated  that  this  assump¬ 
tion  was  incorrect.  Anterior  lens  indentations  can  be  produced  by  ncr.- 
perforatirg  C02  laser  irradiations  of  the  cornea .  On  lateral  observa¬ 
tion  of  the  anterior  portion  of  the  living  eye  and  cn  dissection  of 
enucleated  eyes ,  it  appeared  that  the  depth  of  the  anterior  chamber  had 
decreased  markedly  cost  irradiation.  At  this  time  the  posterior  corneal 
surfaces  were  in  close  approximation  to  the  anterior  iridial  and  exposed 
pupillary  lenticular  surfaces . 
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The  interior  ox’  the  eye  may  be  regarded  as  a  closed,  filled  cavity. 
During  irradiation  the  temperature  ox'  the  cornea  and  of  the  aqueous 
hunor  increased, resulting  in  some  intraocular  pressure  elevation. 

When  the  collagen  fibers  in  the  stroma  reached  their  critical  shrink¬ 
age  temperature  there  was  increased  tension  within  the  corneal  stroma 
and  the  cornea  attempted  to  flatten.  This  caused  a  further  pressure 
increase.  When  it  became  greater  than  the  blood  pressure,  it  prevented 
blood  flew  into  the  iridial  arteries  and  expressed  blood  from  the  iridial 
veins.  The  formation  of  aqueous  honor  probably  -was  decreased.  Similarly, 
the  increase  in  pressure  in  the  aqueous  hunor  should  have  increased  the 
outflow.  Consequently,  there  probably  was  a  decrease  in  aqueous  hunor 
volune  coincident  with  flattening  of  the  cornea.  Also,  the  viscosity  of 
water  decreases  as  the  temperature  is  increased  (Handbook  of  Chemistry 
and  Physics,  1963).  The  combination  of  increased  pressure  and  a  lessened 
viscosity  (following  heating  during  correal  irradiation)  may  have  per¬ 
mitted  an  extraordinarily  rapid  percolation  of  aqueous  hunor  through  the 
trabecular  region.  This  rapid  efflux  may  have  occurred  with  little  or 
no  tearing.  It  is  also  possible  that  in  addition  to  the  increased  pres¬ 
sure  and  decreased  viscosity,  there  may  have  been  an  alteration  in  the 
trabecular  meshwork  region.  Indeed,  it  may  have  tom.  If  it  were  tom, 
however,  the  pressure  in  the  eye  may  r.ot  have  returned  to  normal  follow¬ 
ing  irradiation.  That  is,  the  cornea  would  r.ot  have  returned  to  its 
normal  curvature ,  as  was  observed. 

There  -was  a  protracted  elevation  of  the  intraocular  pressure  observed 
in  eyes  of  live  versus  dead  animals  following  irradiation.  This  probably 
resulted  from  the  difference  in  intraocular  blood  flow.  A  greater 
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portion  of  blood  was  forced  from  either  eye  during  the  time  when  the 
intraocular  pressure  exceeded  the  intraocular  blood  pressure.  Obviously 
following  irradiation  the  blood  flow  was  never  re-established  in  the 
eyes  of  dead  animals;  hence  there  was  less  force  maintaining  the  intra¬ 
ocular  pressure  elevation. 

On  CO2  laser  irradiation,  the  outermost  layers  absorbed  the  great¬ 
est  percentage  of  the  impinging  radiation.  During  irradiation  of  the 
cornea,  convection  and  conduction  by  air  and  conduction  to  adjacent 
tissue  will  remove  a  portion  of  the  heat  from  the  Irradiated  regions.  In 
the  present  investigations,  it  is  possible  that  the  site  of  maximum 
temperature  was  not  at  the  corneal  surface,  but  deep  to  it,  perhaps  in 
the  stromal  layers.  The  comeal  stroma,  which  comprises  90S  of  the  thick¬ 
ness  of  the  cornea,  has  a  high  collagen  content.  The  collagen  is  in  the 
form  of  bundles  of  fibers  which  are  somewhat  parallel  to  the  corneal  sur¬ 
face  (Davscn,  1969).  These  fibers  are  composed  of  collagen  fibrils 
which  consist  cf  collagen  molecules  (Verzar,  1963).  The  collagen  mole¬ 
cule  is  a  triple  helix  with  stabilizing  cross-links.  During  heating  to 
a  specific  temperature,  areas  of  these  cross-links  are  broken.  The 
fibrils  are  no  longer  maintained  in  linear  array'.  The  resultant  random 
pattern  results  in  a  local  shortening.  Consequently,  ’when  the  tempera¬ 
ture  of  the  stroma  was  increased  to  the  critical  shrinkage  range  (c5- 
7C°  C),  the  length  of  the  collagen  fibers  suddenly  may  have  decreased  re 
as  much  as  one-third  of  the  original  length. 

This  sudden  shortening  of  the  stromal  fibers  during  irradiation 
apparently  acted  as  a  drawn  "purse-string,”  causing  a  temporary  shorten¬ 
ing  of  the  corneal  arc-length.  The  resultant  increase  in  the  corneal 


radius  shortened  the  depth  of  the  anterior  chamber  and  brought  the 
posterior  surface  of  the  cornea  in  close  apposition  to  the  anterior  lens 
surface  and  iris.  Consequently,  the  temperature  of  the  aqueous  iumcr 
was  elevated  by  heat  flow  from  the  cornea  and  perhaps  to  an  extent,  by 
the  laser  radiation  as  the  cornea  was  ablated. 

The  heated  posterior  comeal  surface  under  the  irradiated  area  and 
its  adjacent  heated  aqueous  honor  was  temporarily  pressed  against  the 
exposed  lens  surface.  Consequently,  the  temperature  at  the  lens  surface 
would  have  been  increased  further.  There  was  a  concomitant  pressure 
increase  in  the  anterior  chamber. 

According  to  Dische  (1970),  the  collagenous  lens  capsule  also 
exhibits  heat  shrinkage.  Histologically,  the  capsule,  epithelial  layer, 
and  adjacent  fibers  appear  to  be  attached  at  each  interface.  Judging 
from  the  intercalcated  Movement  exhibited  during  accommodative  processes 
they  may  all  move  as  a  unit  under  pressure.  The  contents  of  the  lens 
fibers  appear  to  be  somewhat  fluid;  during  the  transient  shrinkage  of 
the  lens  capsule  during  heating,  the  ends  of  the  subjacent  attached  lens 
fibers  would  also  be  subjected  to  compression  and  temperature  increases . 

Cn  irradiation,  pressure  on  the  fibers  in  the  region  of  the  indents 
tion  (as  observed  on  fixation),  together  with  heating  of  these  fibers, 
may  have  permanently  altered  them.  This  alteration  was  not  evident  in 
the  unfixed  encapsulated  lens.  This  may,  in  part,  have  been  due  to  the 
fact  that  the  fibers  still  remained  attached  to  the  epithelial  cells  and 
capsule  in  this  region,  and  the  capsule  appeared  to  resume  its  normal 
curvature.  The  observed  indentation  may  have  been  due  to  fixation  of 
these  attached  fibers  underlying  this  region,  previous  so  fixation- 
hardening  of  the  overlying  capsule.  The  fibers  may  have  been  effeooivel 
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shortened  in  this  region  on  fixation,  in  contrast  to  the  fibers  in  the 
remainder  of  the  lens.  The  apparent  protein  denaturation  of  these 
fibers  could  be  exhibited  on  fixation  immediately  following  irradiation 
and  was  still  demonstrable  in  lenses  from  eyes  sampled  months  after 
irradiation.  The  altered  staining  characteristics  of  the  indented  area 
of  fixed  lenses  suggest  seme  tissue  alteration.  Visualization  of  the 
(in  vivo)  lens  following  non-perforating  CO2  laser  ccmeai  irradiation 
is  extremely  difficult  because  of  the  resulting  opacities  in  the  cornea. 
Geeraets,  Fine  and  Fine  (1969)  reported,  however,  that  they  could  see 
on  slit  lamp  examination  indentated  areas  of  the  anterior  lens  surface  in 
an  intact  living  eyes  following  non-perforating  CO2  laser  irradiation 
of  the  cornea.  This  indentation  was  not  observed  in  our  unfixed  excised 
lens;  apparently  the  lens  capsule  exhibited  sufficient  tension  to  pre¬ 
vent  local  cortical  indentation.  This  tension  apparently  was  overcome 
in  the  intact  eye  by  the  intraocular  pressure,  in  the  in  vivo  observation. 

In  the  normal  unfixed  lens,  the  capsule  and  epithelial  layer  can  be 
readily  separated  from  the  underlying  cortex.  In  contrast,  in  these 
investigations,  it  was  difficult  to  separate  the  capsule  cleanly  from 
the  underlying  cortex  in  the  region  where  the  indentation  would  occur. 

The  fibers  in  this  region  tore  and  remained  attached  to  the  capsule. 

Either  the  fibers  themselves  were  more  brittle  or  more  strcrgly  attached 
to  the  capsule  in  this  region.  Consequently,  the  fibers  in  this  region 
were  altered,  although  the  alterations  were  net  evident  on  gross  examina¬ 
tion  cf  the  intact  lens. 

The  application  of  70°  C  water  with  pressure  to  a  small  region  cf 
the  decapsulated  normal  lens  resulted  in  shrinkage  of  fibers  in  this 
area,  without  whitening.  This  concavity  was  probably  visible  without 
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fixation  because  of  the  lack  of  outward  pull  by  the  capsule  on  the 
affected  cortical  area.  Furthermore ,  it  indicated  that  the  fibers  then- 
selves  are  altered  by  the  combination  of  temperature  and  pressure. 

The  mercury  manometer  measurements  of  the  transient  intraocular 
pressure  changes  during  irradiation  were  similar  to  but  less  than  those 
later  determined  by  the  use  of  the  Statham  ?32  AA  transducer.  The  lower 
values  determined  from  the  excursion  of  the  mercury  manometer-height 
resulted  presunably  from  inertia  in  the  system  because  of  the  high  spe¬ 
cific  gravity  of  the  mercury  (13-6).  In  addition,  recordings  attempted 
by  electrically  recording  variations  in  the  height  of  the  mercury  column 
never  reflected  the  maxiun  Kg  column  excursion  observed  during  irradia¬ 
tion.  This  lack  of  recording  sensitivity  may  have  resulted  in  part  from 
the  poor  electrical  contact  between  the  mercury  colunn  and  the  immersed 
tungsten  wire .  Tungsten  and  mercury  can  form  an  amalgam.  This  amalgam 
might  have  caused  a  local  increased  resistance  at  the  interface  of  the 
two  elements  in  this  system. 

Irradiation  of  the  cornea  directly  over  the  mid-pupillary  region  did 
not  increase  the  aqueous  humor  protein  concentration,  whereas  irradiations 
of  the  cornea  directly  over  the  middle  section  of  the  iris  resulted  in  a 
maximal  aqueous  humor  protein  increase.  Assuredly  the  transient  pressure 
increase  in  each  of  these  irradiations,  however ,  were  similar.  The 
temperature -elevation  may  have  teen  the  critical  factor;  the  blood-aque¬ 
ous  humor  barrier  was  damaged  only  when  the  iridial  vasculature  was 
transiently  heated  to  60  up  to  70°  C. 

Aqueous  huncr  protein  determinations  suggested  that  transient  tempera¬ 
ture  increases  of  the  aqueous  humor  resulted  in  a  marked  increase  of 


aqueous  honor  protein  concentration.  Presumably,  the  blood  was  the 
source  of  the  protein,  as  irradiation  over  highly  vascular  areas 
resulted  in  massive  increases  of  aqueous  honor  protein,  whereas  irradia¬ 
tion  over  the  widely  dilated  pupillary  area  did  not  alter  the  aqueous 
humor  protein  concentration.  This  is  in  agreement  with  the  finding  of  the 
Evans  blue  investigations ;  no  color  was  observed  in  the  aqueous  honor 
following  focused  irradiation  over  the  pupillary  region.  Furthermore, 
aqueous  humor  protein  increases  were  accompanied  by  a  hemorrhagic  area 
in  the  vasculature  underlying  the  irradiated  area.  Following  injury 
midway  between  the  pupillary  margin  and  the  root  of  the  iris,  the  protein 
concentration  continued  to  increase  during  the  day  following  the  irradia¬ 
tion.  Irradiations  of  this  region  of  the  cornea  over  the  iris  probably 
thermally  injured  the  vascular  ciliary  processes  on  the  posterior  surface. 


CHAPTER  IV 


ALTERATIONS  IN  THE  MORPHOLOGY,  IN  THE  ELECTROPHORETIC  MOBILITY  OF 
CRYSTALLINE  At®  IN  LENTICULAR  ASCORBIC  ACID  AND 
REDUCED  GLLTATKEOrE  FOLLOWING  IRRADIATION  OF  THE  COREA 
OF  THE  WEANLING  ALBINO  RABBIT  WITH  THE  CARBON  DIOXIDE  LASER  BEAM 

Data,  from  Chapter  III  Indicated  that  lens  indentations  occurred  in 
the  course  of  transient  comeal  flattening  during  the  irradiation;  during 
this  period  the  depth  of  the  anterior  chamber  of  these  adult  rabbit  eyes 
was  temporarily  decreased  and  the  underlying  heated  aqueous  honor  was 
brought  in  close  apposition  to  the  lens  surface.  These  unwhitened  lens 
indentations  were  permanent,  that  is,  they  were  still  demonstrable  in  eyes 
which  were  excised  and  fixed  in  glutaraidehyde  one  year  post  irradiation. 
In  general,  these  indented  areas  were  not  'whitened  and  in  no  instance  were 
cataracts,  either  partial  cr  complete,  observed. 

The  material  in  the  unwhitened  indented  regions  of  fixed  lenses  from 
irradiated  eyes  appears  to  have  been  immediately  and  permanently  altered. 
That  is,  the  indentations  were  demonstrable  immediately  post  irradiation 
and  at  periods  up  to  one  year  following  the  exposure.  The  presence  of  the 
indentations  implies  that  lens  proteins  in  the  region  beneath  the  irradi¬ 
ated  cornea  may  have  been  denatured  -without  visible  coagulation.  If  the 
proteins  in  the  indented  region  had  been  denatured  without  coagulation, 
their  electrophoretic  pattern  might  have  been  altered  (Joiy,  1965)*  There' 
fore,  it  -would  be  of  interest  to  determine  whether  an  alteration  would  be 
produced  in  the  electrophoretic  pattern  of  the  soluble  proteins  of  lenses 
irradiated  with  sufficient  intensity  to  produce  lenticular  indentations . 
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Geeraets,  Pine  and  Pine  (1969)  reported  that  an  opacity  was 
observed  In  one  eye  In  vivo  which  was  associated  with  lens  indentations 
months  following  CC2  laser  irradiation  of  the  cornea.  This  finding  sug¬ 
gested  that  delayed  cataractous  changes  as  well  as  lens  indentation  night 
occur. 

Phillipson  (1969)  investigated  the  lenticular  protein  distribution 
in  cataractous  lenses  produced  by  total  eye  exposure  of  10  day  old  rats 
to  500  to  1,000  roentgens  of  x-radiation  generated  by  a  185  kilovolt  (KV) 
unit.  He  reported  that  the  sharp  gradients  in  protein  concentration 
observed  in  the  peripheral  cortex  of  cataractous  lenses  closely  corresponded 
to  the  interface  between  clear  and  opaque  regions.  He  felt  that  the  loss 
of  transparency  is  related  to  the  steep  protein  gradient  corresponding  to 
interfaces  between  regions  with  different  refractive  indices. 

Kinoshita  (1964)  suggested  that  the  lenticular  GSH  might  retard 
the  formation  of  intramolecular  disulfide  bridges.  A  decreased  concentra¬ 
tion  of  GSH  might  result  in  the  formation  of  large  Insoluble  lenticular 
protein  molecules  from  smaller  soluble  proteins  by  means  of  disulfide 
bridges  and  thus  might  be  a  mechanism  in  seme  cataract  formation.  He,  as 
well  as  Spector  (1971),  reported  that  o  crystallin  has  a  low  concentration 
of  sulfhydryl  (-SH  )  groups  in  contrast  to  that  of  the  3  and  y  crystal - 
11ns. 

Mach  (1966)  found  changes  in  the  electrophoretic  pattern  and  associ¬ 
ated  alterations  of  GSH  in  cataractous  (senile,  galactose  and  eataracta 
canplicata)  hunan  lenses.  Her  data  shew  that  the  greatest  decrement  of 


occurred  in  the  senile  cataracts.  The  electrophoretic  mobility  of  the 
fastest  band  (  a  crystallin)  was  not  decreased  in  any  of  the  lens  material. 


Near  infrared  (Goldmann,  1933b),  microwave  (Kinoshita,  Merola, 

Dikmak  and  Carpenter,  1966)  and  roentgen  (Firie,  van  Heynigen  and  Eoag, 

1953)  irradiations  of  the  eye  can  result  in  delayed  lens  opacities.  The 
opacities  have  been  observed  following  a  delay  of  weeks  (microwave  irradia¬ 
tion)  to  months  (x-radiation  and  near  infrared).  (Although  Goldmann , 

1933b  did  not  measure  the  spectrun  of  his  irradiation  beam,  it  is  prob¬ 
able  from  his  methodology  that  the  radiation  was  mainly  in  the  near  infra¬ 
red.)  According  to  Waley  (1969)  AsA  and  GSH  are  two  reducing  substances 
whose  lenticular  concentrations  are  reduced  in  mature  cataracts .  Kino¬ 
shita,  Merola,  Dikmak  and  Carpenter  (1966)  investigated  the  relationship 
of  alterations  of  lenticular  ascorbic  acid  and  GSH  to  the  appearance  of 
delayed  cataracts  following  microwave  irradiation  of  the  eyes  of  weanling 
rabbits.  Lenticular  opacities  were  not  -/Is idle  until  approximately  sit  days 
after  irradiation  of  eyes  at  a  wavelength  of  12.3  cm  with  a  power  density 
of  230  mv//arr  for  3j_x  to  eight  minutes.  At  six  hours  there  was  no  alteration 
in  lenticular  ascorbic  acid;  at  18  hours  following  irradiation,  the  level 
had  decreased  an  average  of  23*  compared  with  that  of  the  control  lenses . 

At  this  time  there  was  no  concomitant  decrement  of  GSH  in  the  19  pairs  of 
eyes  assayed  or  in  the  concentration  of  AsA  in  the  aqueous  huncr. 

Pirie,  van  Heynigen  and  5c ag  (1953)  irradiated  the  right  eyes  of 
weanling  rabbits  with  1,^00  r  of  X  radiation  produced  by  a  200  XV  unit. 
Occasionally  the  contralateral  control  eyes  received  some  irradiation; 
it  was  felt  that  as  less  than  600  r  of  radiation  was  received  by  these 
eyes  they  could  be  used  as  controls.  They  measured  lenticular 


concentration  of  GSH  in  15  pairs  of  lenses  obtained  at  intervals  in  a 
nine  month  period  following  irradiation,  AsA  in  a  few  of  these  lenses,  and 
the  AsA  concentration  in  the  aqueous  honor  of  all  eyes  irradiated.  In 
order  to  obtain  sufficient  material  for  a  20  hour  post  irradiation  assay 
of  GSH  and  AsA,  they  were  forced  to  combine  two  pairs  of  lenses  from  the 
weanling  rabbits.  They  found  no  changes  in  biochemical  concentration  or 
transparency  at  20  hours  in  these  lenses.  The  first  change  in  lens  trans¬ 
parency  and  GSH  concentration  was  noted  in  one  pair  of  eyes  three  months 
following  irradiation.  The  degree  of  opacification  increased  in  the 
remaining  eyes  during  the  ensuing  six  month  period.  This  decrease  in 
lenticular  transparency  was  generally  paralleled  by  a  decrease  in  GSH 
concentration. 

There  have  been  a  number  of  other  investigations  relating  to  altera¬ 
tion  in  lens  metabolism  associated  with  radiation-induced  cataracts . 

These  include  investigations  on  albuminoid  and  microsomal  RHA  turnover. 
Inositol  concentrations,  oxygen  consumption  and  phosphate  uptake,  as  well 
as  mitotic  activity  in  lenticular  epithelial  cells  and  electrolyte  changes. 
These  have  been  reviewed  by  Kuck  (1970c) . 

It  appears  that'  onlv  reduced  glutathione  (GSH)  and  ascorbic  acid 
(AsA)  were  investigated  in  both  x-ray  and  microwave  cataract  experiments . 
Furthermore,  changes  in  GSH  have  been  found  coincident  with  decreased 
mobility  of  crystallises  on  electrophoresis  of  material  from  human  cataracts 
(Mach,  i960).  Therefore,  it  was  felt  it  would  be  desirable  to  determine 
whether  lenticular  GSH  and  AsA  were  affected  cn  infrared  radiations  of 
the  eye  as  produced  by  the  C02  wavelength. 


In  our  previous  investigations 


97 


lens  indentations  were  observed  without  cataract  formation.  This  sug¬ 
gested  that  there  might  have  been  alterations  of  certain  soluble  lenticular 
proteins  without  visible  coagulation.  These  changes  might  be  observed  on 
electrophoresis . 

Since  ulcerative  perforation  of  the  cornea  following  CO 2  laser  irradia¬ 
tion  could  result  in  either  an  intraocular  infection  or  permit  the  extrus¬ 
ion  of  the  lens  from  the  eye,  it  was  desirable  to  Irradiate  the  eye  in  a 
manner  which  would  cause  the  maximal  amount  of  delayed  visible  lenticular 
changes  without  corneal  perforation.  For  these  experiments  one  eye  of 
each  animal  was  irradiated  with  sufficient  intensity  to  cause  immediate 
non-perforating  flattening  of  the  cornea  'without  the  immediate  whitening 
of  the  underlying  lens.  The  other  eye  was  used  as  a  control. 

Therefore,  the  purposes  of  this  investigation  were:  1)  to  deter¬ 
mine  any  alterations  of  the  electrophoretic  patterns  of  soluble  lens  pro¬ 
tein  following  irradiation  of  the  cornea;  2)  to  measure  any  changes  in 
lenticular  AsA  and  GSH  in  these  irradiated  eyes;  and  also  3)  to  determine 
parameters  which  would  permit  non-perforating  irradiations  of  the  cornea 
without  Immediate  -whitening  of  the  underlying  lens.  These  parameters 
were  established  in  the  initial  phase  of  the  experiment. 

Since  a  nunber  of  previous  irradiation  studies  have  b  .1  carried 
out  on  weanling  rabbits  and  since  changes  due  to  irradiation  might  be 
more  pronounced  in  such  animals  (van  Heynigen,  1369) ,  it  was  decided  to 
carry  out  the  investigations  in  this  section  on  weanling  rabbits. 


Methods  and  Materials 


Laser 

The  carbon  dioxide  laser  used  in  this  study  has  been  described  in 
Appendix  1.  Irradiations  were  carried  out  using  the  multimode  beam  in 
the  initial  phases  of  the  studies.  In  the  major  phase  of  the  study,  how¬ 
ever,  the  laser  was  adjusted  so  that  the  output  beam  pattern  produced  on 
Theimofax  paper  resembled  that  of  the  TEJfoo  mode,  i.e.,  the  power  density 
appeared  greatest  at  the  center  of  the  beam  and  decreased  radially. 

Bean  Power  Density  Profile 

A  power  density  profile  of  the  output  beam  was  obtained  by  scanning 
the  beam  with  moveable  3x5  cm  metal  plate  with  a  centrally  located  1.5  tm 
diameter  aperture.  The  portion  of  the  beam  which  passed  through  the  aper¬ 
ture  impinged  on  the  central  area  of  the  radiant  energy  sensitive  disc  of 
a  Coherent  Radiation  power  detector.  Then  the  aperture  plate,  attached 
to  an  x  -  y  vernier  unit  was  moved  in  0.5  to  1.0  mm  increments  across  the 
beam  horizontally,  then  vertically.  Related  power  outputs  were  plotted 
versus  distance. 

Beam  Selector 

A  beam  selector  was  ’used  in  order  to  limit  the  beam  impinging  on  the 
eye  and  enable  a  simple  pre-radiation  positioning  of  the  eye.  The  selector 
plate  contained  5,  3,  and  12  run  diameter  apertures.  The  selector  plate 
was  positioned  with  the  aid  of  Theimofax  paper  so  the  beam  axis  and  an. 
aperture  center  appeared  to  coincide.  The  selector  plate  was  then  mounted 
on  a  ring  stand  which  was  clamped  in  place  in  this  position.  The  laser 
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was  retuned  for  In  vivo  irradiations  so  the  output  beam  was  slightly 
larger  than  the  beam  selector  aperture.  The  laser  was  further  adjusted 
so  the  power  distribution  inferred  by  the  pattern  produced  on  Thermo fax 
paper  (held  at  the  output  side  of  the  beam  selector  aperture)  was  similar 
to  that  produced  by  a  Gaussian  beam  (Figure  17-2). 

Animals 

Albino  rabbits  of  either  sex  were  used  in  this  study.  Approximately 
80  weanling  (6-8  weeks,  1-1/2  to  2  lb.)  and  12  older  (up  to  5  lb.)  ani¬ 
mals  were  used  in  several  phases  of  the  investigation. 

Anesthesia 

The  animals  were  systemically  anesthetized  with  a  subcutaneous  (s.c.) 
injection  of  25?  aqueous  solution  of  urethane  and  an  int ramus cular  (i.m.) 
injection  of  Innovar  Vet  (fentanyl  0.^  mg/ml  and  droperidol  20  mg Ml, 
McNeil)  1.5  and  0.15  ml  respectively  per  pound  of  body  weight.  The  pupils 
were  dilated  with  an  instillation  of  0.5%  ffydriacyl  (bis-tropicamide- 
Alcon).  The  corneas  were  anesthetized  'with  Ophthetic  ophthalmic  solution 
(proparacaine  HC1  0.5?-Aliergan)  instilled  15  minutes  later.  When  the 
skeletal  musculature- was  somewhat  flaccid  and  the  corneas  were  unresponsive 
to  touch  (approximately  30  minutes  post  injection),  the  level  of  anesthesia 
was  generally  adequate  for  irradiation. 

In  Vivo  Irradiations 

The  laser  was  adjusted  as  previously  described  to  produce  a  suitable 
output  pattern  on  Thermofax  paper  positioned  imediately  behind  the  team 
selector  aperture  and  the  radiation  power  output  was  ~cnitcred  with  the 


power  detector  prior  to  and  icroediately  after  each  irradiation.  The 
laser  beam  was  blocked  and  adequately  anesthetized  animals  were  positioned 
behind  the  base  selector  aperture  on  an  adjustable  platform  (Lab  Jack). 

Hie  lids  were  held  open  and  an  assistant  checked  'he  augment  of  the 
cornea  by  sighting  through  the  beam  selector  aperture ;  the  eye  was  reposi¬ 
tioned  when  necessary. 

The  exposure  was  initiated  by  unblocking  the  beam  and  simultaneously 
starting  the  electric  timer  by  means  of  a  foot  switch.  The  timer  (Pre¬ 
cision  Scientific  Company,  "Time  it"  P/S  69230)  was  graduated  in  0.1 
second  intervals. 

Preliminary  Phase  of  the  Investigation 

In  the  Initial  phase  of  the  investigation  20  weanling  albino  rabbits 
were  irradiated  to  determine  the  combination  of  power,  beam  diameter  and 
pulse  duration  which  would  result  in  significant  biochemical  and  morpho¬ 
logical  lenticular  alterations  without  causing  immediate  heat-induced 
lens  whitening  2nd  minimize  the  potential  for  subsequent  comeal  perfora¬ 
tions.  The  left  eyes  were  irradiated  end  the  contralateral  eyes  were 
kept  as  controls.  The  power  of  the  irradiations  was  limited  by  the  laser 
output  and  ranged  from  a  maximun  of  2  watts  to  a  minimun  of  0.8  watts. 

The  diameter  of  the  beam  irradiating  the  cornea  was  limited  by  passage 
through  6,  8  or  12  millimeter  apertures.  The  exposure  times  ranged  from 
20  seconds  to  2  minutes. 

The  animals  were  killed  either  immediately  post  irradiation  or  at 
intervals  up  to  36  days  post  irradiation.  The  gross  appearance  of  the 
eyes  was  observed,  initially  and  on  dissection.  Prior  to  killing,  the 
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aqueous  hunor  was  sampled  from  the  anesthetized  animals  and  assayed  for 
ascorbic  acid.  The  sampling  and  assay  procedures  are  described  below. 
Following  the  sampling  of  the  aqueous  himor,  the  animals  were  killed  by 
a  blow  to  the  base  of  the  skull  or  by  decapitation.  The  lenses  were  dis¬ 
sected  from  the  enucleated  eyes  and  assayed  for  ascorbic  acid  and  reduced 
glutathione.  The  lens  removal  and  biochemical  assay  procedures  are 
described  below. 

Partially  on  the  basis  of  results  of  these  irradiations  and  partially 
on  the  basis  of  the  laser  beam  power  limitations,  the  remainder  of  the 
irradiated  animals  were  exposed  as  described  below. 

Major  Phase  of  the  Investigation 

In  the  major  phase  of  the  study,  the  electrophoretic  pattern  of 
soluble  lens  protein,  reduced  lenticular  glutathione  and  ascorbic  acid 
were  measured  at  various  intervals  post  irradiation.  To  the  extent 
possible,  the  ascorbic  acid  in  the  aqueous  humor  and  oxidized  glutathione 
in  the  lens  were  determined  at  several  intervals  following  irradiation. 

Seme  ocular  and  rectal  temperature  measurements  were  made.  A  more 
detailed  description  .of  the  methods  used  are  given  celcw. 

The  irradiations  in  this  phase  of  the  study  were  of  the  left  eye  of 
adequately  anesthetized  animals.  The  left  eye  was  irradiated  because  of 
convenience  In  positioning  the  animal  with  respect  to  the  laser  output . 
These  irradiations  were  carried  out  for  90  seconds  with  a  beam  with  a 
Gaussian- like  power  •distribution  and  were  sufficient  to  flatten  the  cornea 
without  obvious  initial  whitening  of  the  lens.  In  order  to  minimize  the 
apparent  corneal  infection  observed  in  the  initial  phase  of  the  irradiation 
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and  prevent  possible  delayed  comeal  perforation,  the  animals  in  this 
phase  of  the  study,  as  well  as  in  the  subsequently  described  ancillary 
experiments  were  treated  as  follows:  ophthalmic  Sodium  Sulamyd  (sodium 
sulfacetamide  ophthalmic  ointment,  White)  was  applied  to  the  corneas  and 
I>1  injections  of  Crystallin  3  suspension  (crystallin  penicillin  3  sus¬ 
pension,  Squibb)  10,000  units  were  administered  immediately  post  irradia¬ 
tion  and  daily  thereafter. 

As  in  the  primary  phase  of  the  study,  the  animals  received  0.1  ml 
of  Innovar  Vet  I.M.  one  and  two  days  post  irradiation  to  prevent  gross 
discomfort . 

Animals  were  killed  by  decapitation  at  the  following  intervals : 
immediately,  one,  two,  four,  five, and  six  days  following  irradiation.  The 
eyes  from  these  animals  as  well  as  from  control  unirradiated  animals  were 
enucleated  and  used  for  the  electrophoretic  or  biochemical  studies.  The 
gross  appearance  of  the  eyes  was  noted.  Lenses  in  this  group  were  not 
assayed  for  oxidized  glutathione. 

Electrophoresis  Experiments 

Electrophoresis  was  carried  out  simultaneously  on  soluble  lenticular 
protein  and  on  aqueous  humor  from  irradiated  and  contralateral  control  eyes . 
The  left  eyes  of  anesthetized  animals  (albino  rabbit  2-5  lb.)  were  irradi¬ 
ated  as  discussed  above;  the  contralateral  eye  served  as  a  control.  Ani¬ 
mals  were  killed  by  decapitation  either  shortly  after  irradiation  or  at 
intervals  in  the  ensuing  four  days.  The  eyes  were  immediately  excised. 

The  lens  was  dissected  from  each  eye,  weighed  ar.d  homogenized  (rear, 
temperature)  v/ith  3  ml  of  Tris  buffer  (pH  7.4)  in  a  glass  homegenizer . 
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The  homogenate  was  centrifuged  at  28,000  *  g  for  60  minutes  at  a  tem¬ 
perature  of  10°C.  Fluid  was  also  obtained  from  the  anterior  chamber 
in  certain  instances.  Details  of  the  reagents,  equipment  and  tech¬ 
niques  employed  in  this  and  the  ensuing  phases  of  the  electrophoresis 
are  given  in  Appendix  2. 

The  anterior  chamber  fluid  'was  sampled  from  both  irradiated  and 
contralateral  control  eyes  of  certain  animals  after  irradiation.  In 
order  to  obtain  sufficient  protein  in  the  anterior  chamber  fluid  of 
the  control  eye,  paracentesis  was  performed  on  anesthetized  animals 
at  1.5  to  2  hours  prior  to  killing;  that  is,  the  corneas  were  slit 
and  the  aqueous  humor  expressed  and  discarded.  The  anterior  chamber 
became  refilled  with  "plasmoid"  aqueous  humor  prior  to  killing.  Fol¬ 
lowing  excision  of  such  eyes,  the  cornea  was  slit  again  and  the  plasmoid 
aqueous  humor  was  expressed. 

Ten  microliter  aliquots  of  each  lens  homogenate  supernatant  or 
aqueous  humor  were  applied  to  a  labeled  cellulose  polyacetate  strip 
which  had  been  moistened  previously  with  buffer  (pH  8.8).  The  strips 
were  aligned  in  the  electrophoresis  chamber  (Gelman  Instrument  Company, 
Ann  Arbor,  Michigan).  During  electrophoresis  the  temperature  of  the 
strips  would  become  elevated.  Conceivably,  the  temperature  might  in¬ 
crease  to  the  point  at  which  a  denaturaticn  and  coagulation  of  the  pro¬ 
tein  samples  might  occur.  In  order  to  lessen  this  possibility,  the 
electrophoresis  unit  was  maintained  at  all  times  in  a  refrigerator  at 
5°C.  Three  hundred  and  fifty  volts  were  applied  across  the  strips  for 
60  minutes.  The  strips  were  then  removed  from  the  chamber,  fixed  and 
stained  by  immersion  in  Fonceau  S  solution.  The  stained  bands  were 
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counted  and  the  respective  distances  between  each  and  the  site  of  orig¬ 
inal  sample  application  'was  measured.  The  distance  vr>s  a  function  of 
the  mobility  of  each  group  of  soluble  proteins.  The  mobilities  of  bands 
of  lenticular  proteins  from  irradiated  eyes  were  compared  with  those  cf 
from  the  contralateral  control  eyes. 

Ascorbic  Acid  and  Reduced  Glutathione  Determinations 

Ascorbic  acid  (AsA)  was  assayed  by  the  method  of  Roe  (1954).  This 
was  carried  out  in  either  aqueous  humor  or  lens  material  from  pairs  of 
eyes  from  the  same  animal.  Sampling  procedures  and  preparations  of 
aqueous  humor  and  lenses  for  this  and  the  reduced  glutathione  (GSH) 
assays  are  given  below.  The  preparation  of  standard  curves  and  assay 
procedures  for  ascorbic  acid  are  listed  in  Appendix  3-  The  concentra¬ 
tion  of  AsA  was  expressed  as  mgj  (milligrams  of  AsA  per  100  ml  of  aque¬ 
ous  humor  or  mg  per  100  grams  of  wet  weight  lens).  The  concentration 
of  AsA  in  material  from  irradiated  eyes  was  expressed  as  a  percentage 
of  that  in  the  contralateral  control  eye. 

Reduced  glutathione  (GSH)  was  assayed  by  a  modified  method  of 
Grunert  and  Phillips.  (1951).  These  assays  were  carried  cut  concurrently 
on  pairs  of  lens  from  both  unirradiated  and  irradiated  animals.  The 
preparation  of  standard  curves  and  assay  procedures  are  listed  in  Appen¬ 
dix  4.  The  lenticular  concentrations  of  GSH  were  compared;  following 
irradiation  the  concentration  cf  the  GSH  in  the  lens  from  each  irradiated 
eye  was  expressed  as  a  percentage  of  that  in  the  contralateral  control 
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Sampling  of  Aqueous  Honor  and  Lenses 

Aqueous  honor  was  sampled  firm  control  eyes  of  anesthetized  animals 
with  a  heparinized  50  uL  Hamilton  syringe  (heparin  solution  10  mg/ml  had 
been  previously  drawn  up  into  the  syringe  and  expelled  from  the  barrel 
and  needle) .  The  lessened  transparency  of  the  irradiated  corneas  did  not 
always  permit  the  proper  insertion  of  the  sampling  needle  into  the  anterior 
chamber.  Furthermore,  even  heparinized  syringes  became  blocked  during 
sampling  attempts.  Therefore  this  method  was  abandoned. 

In  order  to  sample  aqueous  hunor  frcrn  irradiated  eyes,  the  follow¬ 
ing  alternate  procedure  was  followed:  the  animal  was  decapitated,  the 
eyes  were  enucleated,  rinsed  in  normal  saline  and  blotted  dry,  and  placed 
in  labeled  dry  plastic  vials  that  were  immersed  in  crushed  ice.  The 
corneas  were  slit  and  the  aqueous  humor  expressed  on  a  labeled  tared 
Parafilm  square.  The  weight  of  the  aqueous  humor  was  determined  by  dif¬ 
ference  . 

In  order  to  assay  the  aqueous  hunor  for  ascorbic  acid,  either  the 
measured  volume  from  the  syringe  (using  the  previous  method)  or  the 
weighed  volume  was  admixed  with  2  ml  of  5%  trichloracetic  acid  (TCA)  and 
was  centrifuged  at  5°* C  at  approximately  12,000  x  g  (desk  centrifuge 
operated  in  a  laboratory  refrigerator) .  The  TCA  supernatant  was  assayed 
for  ascorbic  acid. 

The  lenses  were  removed  from  enucleated  eyes  after  the  zonules  were 
cut;  the  adhering  ’vitreous  body  was  cut  from  the  posterior  surface  of  the 
lens.  The  lens  was  blotted  free  of  adhering  droplets  on  a  section  of 
filter  paper  previously  moistened  -with  normal  saline,  placed  in  labeled 


tared  7  ml  tissue  grinders  and  weighed.  The  lenses  were  then  homogenized 
In  3  ml  of  ice-cold  10?  TCA.  The  homogenate  was  centrifuged  (approxi¬ 
mately  12,000  x  g  for  10  minutes  at  5°  C).  The  supernatant  was  filtered 
through  Whatman  No.  1  filter  paper  cut  to  fit  a  buret  funnel. 

Ancillary  Experiments 

The  following  short  investigations  were  carried  out  in  the  hope  that 
they  might  assist  in  the  interpretation  of  certain  data  obtained  in  the 
major  portion  of  this  investigation.  First,  temperature  measurements  were 
taken  in  an  attempt  to  understand  the  mechanism  behind  the  occasional 
appearance  of  immediate  lens  whitening  on  irradiation.  Second,  lenticular 
GSH  and  GSSG  were  concurrently  determined  following  either  irradiation  of 
the  eye  or  mechanical  trauma  to  the  lens.  This  was  done  in  an  attempt  to 
understand  the  mechanism  of  the  decrement  of  lenticular  GSH  observed  follow¬ 
ing  irradiation. 

Although  the  power  and  duration  of  the  exposures  in  the  major  phase 
of  the  investigation  had  been  chosen  to  cause  maximal  damage  without  immedi¬ 
ate  whitening  of  the  lens,  a  small  percentage  of  lenses  could  not  be  used 
for  the  electrophoretic  or  biochemical  studies  because  they  had  been 
whitened.  This  apparently  resulted  from  heat.  Therefore,  it  was  of 
interest  to  measure  the  maximum  in  vivo  temperature  in  the  weanling  rabbit 
eye  during  irradiation  of  the  cornea.  Attempts  were  made  to  determine  the 
temperature  of  the  aqueous  humor  by  inserting  a  thermocouple  into  the 
anterior  chamber  as  described  in  Chapter  II.  Although  this  technique  had 
been  employed  successfully  In  the  measurements  during  irradiation  of  the 
larger  eyes  of  mature  rabbits,  it  could  not  readily  be  used  in  the  small 


107 


eyes  of  weanling  rabbits.  Therefore,  an  alternate  procedure  was  employed. 
The  weanling  rabbits  were  irradiated  as  described  and  the  comeal  surface 
temperature  was  measured  with  the  flat-ended  thermocouple  as  described  in 
Chapter  H.  At  the  end  of  the  90  second  irradiation  a  slit  was  made 
through  the  center  of  the  corneas  into  the  anterior  chamber.  The  tempera¬ 
ture  of  the  extruded  aqueous  humor  was  measured  irmediately  with  the 
thermocouple.  The  maximal  temperature  of  an  eye  during  irradiation  is 
dependent  not  only  on  the  temperature  elevation,  but  also  on  the  initial 
pre-irradiation  temperature  of  the  eye.  That  is,  the  maximal  temperature 
attained  for  each  temperature  elevation  would  vary  as  the  initial  tempera¬ 
ture  varied.  This  was  reported  by  Goldmann  (1933a)  who  also  showed  that 
the  decrements  of  rectal  temperature  observed  on  the  administration  of 
anesthetic  agents  is  reflected  by  a  decreased  temperature  in  the  anterior 
segment  of  the  eye.  Thus,  the  pre-irradiation  ocular  temperature  could 
have  been  an  inverse  function  of  the  length  of  time  between  the  administra¬ 
tion  of  the  anesthetic  agents  and  the  initiation  of  the  irradiation.  In 
order  to  determine  if  the  co-adninis tration  of  these  two  drugs  might  have 
had  a  marked  effect  on  the  body  temperature,  measurements  were  made  of 
the  rectal  temperature  of  rabbits  at  intervals  in  the  30  to  45  minutes 
following  the  parenteral  administration  of  Urethane  15%  1.5  ml/Kg  and 
Innovar  Vet  0.15  ml/Kg  as  described  above.  The  rectal  measurements  were 
made  with  a  mercury  thermometer  (Wills  Scientific,  1  to  55  C,  calibration 
checked  by  immersion  in  a  mixture  of  ice  and  water) .  The  thermometer  was 
inserted  to  a  depth  of  45  ran  at  5  to  10  minute  intervals  after  the  adminis¬ 
tration  of  the  drugs  and  the  temperatures  recorded. 
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The  third  phase  of  the  ancillary  experiments  was  carried  out  to 
assist  in  the  interpretation  of  the  decrement  of  GSH  in  the  lenses  from 
irradiated  eyes.  Two  causes  of  decreased  lenticular  GSH  cculd  be  either 
a  decreased  synthesis  of  the  tripeptide  within  the  lens,  or  an  increased 
oxidative  conversion  of  reduced  glutathione  to  oxidized  glutathione  (GSH 
to  GSSG).  (The  latter  situation  should  be  associated  with  a  lessened  ratio 
of  GSH  to  GSSG,  which  is  normally  approximately  10:1,  Kuck,  1970b.) 

Concurrent  assays  for  lenticular  GSH  and  GSSG  were  carried  out.  GSH 
was  measured  by  the  method  of  Grunert  and  Phillips  (1951)  as  described  in 
Appendix  4,  and  GSSG  was  measured  by  a  modified  method  of  Bergmever  (1363) 
as  described  in  Appendix  5-  Larger  (5  lb.)  animals  were  used  to  provide 
more  lens  material  for  these  assays. 

For  comparison,  in  one  study  two  rabbits  were  irradiated  (1.5  watts 
for  90  seconds)  and  killed  five  days  later.  In  a  second  study,  the  anterior 
lens  capsule  in  one  eye  of  each  of  two  animals  was  torn. 

The  procedure  was  carried  out  as  follows:  The  animals  were  anesthe¬ 
tized  as  described  above,  the  eyes  were  prcptosed  to  facilitate  needling 
done  with  a  sterile  microdissection  needle.  In  one  animal  (N-l)  the  needle 
was  held  horizontally  and  thrust  through  the  cornea  immediately  anterior 
to  the  limbus.  The  tip  of  the  needle  was  then  inserted  into  the  anterior 
cortex  of  the  lens,  then  moved  so  that  a  4-5  mm  tear  'was  made  in  the  capsule 
and  underlying  lenticular  fibers.  The  left  eye  of  the  second  animal  (H-2) 
was  punctured  by  thrusting  the  needle  along  the  axis  of  the  eye  through 
both  the  cornea  and  anterior  capsule  of  the  lens  into  the  subjacent  lenticu¬ 
lar  fibers.  The  animals  were  treated  with  penicillin  and  sodium  sulamya 
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ophthalmic  ointment  as  described  above.  The  animals  were  killed  five  days 
later  and  the  GSH  and  GSSG  assayed  in  the  lenses.  This  second  stuiy  was 
carried  out  in  an  attempt  to  observe  the  effects  of  oxidation  on  the 
lenticular  ratio  of  GSH:GSSG.  Prince  and  Eglitis  (1964b)  cite  a  report 
that  rupture  of  the  capsule  of  the  lens  increased  the  uptake  of  oxygen  by 
the  lens  by  over  400'. 


Results 

Irradiation  Beam  Characteristics 

Figure  IV-1  shows  the  pattern  produced  on  Thennnfax  paper  by  the 
laser  operating  in  a  multimode  condition.  Cn  short  exposures  the  darkening 
is  an  approximate  indication  of  the  power  density.  The  variation  in  pattern 
density  indicates  zonal  differences  in  the  beam  power  density  distribution. 

Figure  PV-2  shows  the  pattern  produced  on  Thermo fax  paper  by  a  beam 
assumed  to  be  operating  in  a  TEMoo  mode  (Transverse  Electromagnetic  Mode 
in  which  the  cower  density  has  a  Gaussian  distribution) . 

In  Figure  IV-3  the  relative  power  density  is  plotted  as  a  function  of 
the  radial  distance  across  the  beam.  The  power  density  is  seen  to  vary 
inversely  with  the  distance  from  the  center  of  the  beam.  The  power  density 
distribution  measured  was  that  produced  by  a  beam  similar  to  that  causing 
the  pattern  observed  in  Figure  IV-2. 

In  Figure  IV-4  is  shown  the  pattern  produced  on  Thermo  fax  paper  by 
the  expanded  laser  beam  after  passage  through  an  3  millimeter  diameter 
aperture.  The  pattern  of  darkening  was  similar  to  the  pattern  of  Figure 
IV-2.  Except  for  the  preliminary  irradiation  studies,  the  irradiations 
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in  this  chapter  were  carried  out  with  a  beam  which  gave  this  pattern  on 
Thermo fax  paper. 

Biological  Studies 
Anesthesia 

Thirty  minutes  after  the  injection  of  the  anesthetic  agents,  the 
skeletal  musculature  was  scmewhat  flaccid.  The  corneal  reflex  was  absent 
or  minimal  and  the  pupils  were  apparently  funy  dilated  (5-6  mm  vertical 
diameter).  In  general,  there  was  no  obvious  respiratory  distress  noted  in 
the  anesthetized  animals.  The  level  of  anesthesia  obtained  'with  this 
regimen  (Urethane  25? ,  Innovar  Vet,  1.5  and  0.15  ml  respectively  per  pound 
of  body  weight)  resembled  that  of  Stage  III  (Vandam,  1958)  and  was  ade¬ 
quate  to  permit  corneal  irradiation.  Using  this  regimen,  less  than  10? 
of  the  anesthetized  animals  died  spontaneously  either  during  or  Immediately 
following  irradiation. 

In  Vivo  Irradiations 

Preliminary  Phase  of  the  Investigation 

During  preliminary  irradiation  studies,  purulent  keratitis  appeared 
to  develop  in  all  eyes  irradiated  at  power  densities  greater  than  2  Vcn^ 
for  longer  than  20  seconds.  Examination  of  these  eyes  two  or  three  weeks 
post  irradiation  showed  that  the  corneas  had  perforated.  Dissection  and 
gress  examination  of  the  interior  of  the  glebe  revealed  one  of  the  follow¬ 
ing:  1.  An  amorphous  mass  of  purulent  material;  2.  a  fibrous  structure 
consisting  of  a  flat  round  plate  in  the  lenticular  region  connected  "  ■  a 
thin  stalk  to  the  optic  disc  ar.d  the  absence  of  a  recognizable  retire ; 
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and  3*  a  grossly  noimal  appearance  except  for  the  absence  of  a  lens. 

Irradiation  at  lower  power  densities  for  less  than  10  seconds 
apparently  affected  only  the  cornea.  The  corneas  were  scarred  and  whitened 
in  the  irradiated  areas  two  to  three  weeks  post  irradiation.  The  degree 
of  corneal  damage  appeared  to  have  been  proportional  to  the  irradiation 
power  density  and  duration.  Upon  dissection  and  gross  examination,  the 
interior  of  these  eyes  appeared  normal. 

Major  Phase  of  the  Investigations 

Gross  appearances 

These  eyes  were  irradiated  at  1.5  watt,  0.8  cm  diameter,  90  second 
exposure  followed  by  dally  local  and  systemic  treatment  for  purulent  kera¬ 
titis. 

After  the  initial  12  to  15  seconds  of  irradiation,  the  corneas  became 
noticeably  hazy;  as  the  exposure  continued  the  clouding  increased.  After 
30  seconds  of  exposure  the  corneal  surface  was  pitted.  By  the  end  of  the 
90  second  irradiation  the  comeal  surface  had  flattened;  at  this  time  the 
corneas  appeared  to  be  in  contact  with  the  iris  and  lens  surface.  ?re- 
irradiaticn,  the  rabbit  pupils  v/ere  generally  circular;  however,  seme 
appeared  to  be  slightly  ellipsoidal,  with  the  major  axis  in  the  vertical 
direction.  Post  irradiation  the  pupils  looked  similar,  but  smaller.  The 
vertical  pupil  diameter  had  decreased  from  5  to  6  millimeters  pre-irradia¬ 
tion  width  to  4  millimeters;  the  horizontal  diameter  decreased  correspond¬ 
ingly. 

Inmediateiy  post  irradiation  the  cornea  was  clcudy,  but  this  did  not 
preclude  visualization  of  either  the  iris  or  the  pupillary  region  of  the 
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lens.  A  small  percentage  of  the  lenses  were  obviously  whitened  at  this 
time;  these  eyes  were  not  used  for  electrophoretic  or  biochemical  deter¬ 
minations.  In  most  instances  the  superior  portion  of  the  iris  was 
blanched;  the  vasculature  on  the  remainder  of  the  anterior  surface  of 
the  iris  was  noticeably  distended. 

Gross  dissection  of  eyes  inroediately  post  irradiation  showed  that 
the  corneas  were  in  close  apposition  to  the  irides  and  anterior  lens  sur¬ 
faces.  Removal  of  the  iris  revealed  that  the  tinctorial  pattern  on  the 
posterior  surface  was  grossly  similar  to  that  observed  on  the  anterior  sur¬ 
face,  i.e.,  there  were  similar  regions  of  blanched  and  distended  vessels. 

Certain  eyes  were  enucleated,  incised  and  fixed  in  glutaraldehyde 
immediately  following  irradiation.  Complete  iridectomies  of  these  fixed 
eyes  performed  following  removal  of  the  corneas  exposed  the  remainder  of 
the  anterior  lens  surface.  Occasionally,  this  revealed  the  imprint  cf  the 
posterior  iridial  processes  in  the  superior  pre-equatorial  region  of  the 
lens.  The  zonules  at  the  superior  equatorial  region  of  the  lenses  were 
often  whitened  or  broken;  occasionally  the  lens  capsules  were  torn  along 
the  equator  in  this  region. 

Ninety  minutes  after  irradiation,  the  corneal  curvature  appeared  to 
have  returned  to  normalcy.  Seme  of  the  corneas  developed  a  bluish  hue  by 
this  time. 

One  day  post  irradiation  the  corneas  were  cloudier  and  bluer  than 
they  had  been  immediately  post  irradiation;  whitish  material  present  on 
the  surface  of  the  eye  appeared  to  have  sloughed  from  the  corneal  surface. 
The  majority  of  the  irides  were  still  blanched  in  the  superior  region  and 
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showed  distended  vasculature,  particularly  in  the  inferior  region. 

Gross  dissection  of  these  eyes  showed  the  appearance  of  a  thin  sub capsular 
layer  of  liquid  in  the  superior  p re -equatorial  regions  of  the  lenses.  In 
sane  instances,  this  liquid  scattered  light;  expression  of  the  material 
through  a  capsular  puncture  -wound  restored  optical  clarity  to  this  region. 
In  a  few  instances,  a  thin  white  arcuate  line  was  observed  on  the  lens 
immediately  inferior  to  the  area  of  subcapsular  liquefied  material. 

Two  to  three  days  following  irradiation  the  external  appearance  of 
the  exposed  eyes  had  not  altered  remarkably.  White  flocculent  material 
continued  *o  slough  from  the  comeal  surface.  Pour  to  five  days  post 
irradiation  the  central  cornea  had  sloughed  off  exposing  a  somewhat  trans¬ 
parent  tissue.  Gross  dissection  of  these  eyes  suggested  that  the  clear 
tissue  was  Descenet's  membrane.  There  was  little  aqueous  humor  in  the 
majority  of  the  eyes;  often  there  was  concomitant  blanching  of  the  entire 
iris.  The  iris  appeared  to  be  compressed  between  cornea  and  lens.  The 
zonules  were  whitened  and  broken,  especially  along  the  superior  half  of 
the  lens  equator.  The  lens  appeared  to  be  displaced  anteriorly.  The 
anterior  lens  surface  was  hazy  and  an  occasional  white  arcuate  region  was 
present  on  the  anterior  pre-equatorial  surface  of  sane  lenses.  The 
superior  equatorial  cortex  was  liquefied  in  a  majority  of  the  lenses 
examined  at  this  time.  Following  fixation  of  these  lenses  in  giutaralde- 
hyde,  the  firmness  of  the  liquefied  region  could  not  be  distinguished 
from  the  remainder  of  the  lens.  Many  lenses  were  spontaneously  encapsu¬ 
lated  during  excision,  probably  because  of  a  tear  in  the  equatorial  cap¬ 
sule.  Whitened  vertical  lines  were  observed  on  she  superior  half  of  the 
posterior  of  a  majority  of  lenses  examined  at  this  time. 


Five  days  post  irradiation  sane  of  the  corneas  were  conically  dis¬ 
tended.  Cn  dissection  the  lenses  had  visibly  deteriorated;  the  volume  of 
liquefied  material  had  increased  and  a  larger  area  of  the  posterior  sur¬ 
face  was  whitened.  Six  days  post  irradiation  the  lens  volume  had  markedly 
decreased  and  the  remaining  lens  material  was  whitened. 

Electrophoresis  Investigations 

Simultaneous  electrophoretic  separation  of  lenticular  proteins  from 
pairs  of  lenses  from  normal  eyes  always  resulted  in  patterns  which  were 
identical  in  the  number  of  clearly  visible  bands  and  in  their  mobilities . 
Although  the  electrophoretic  pattern  was  identical  between  pairs  of  normal 
lenses  from  the  same  animal,  it  was  not  identical  'when  the  protein  was 
taken  from  lenses  of  different  rabbits.  For  example,  in  many  instances, 
one  could  readily  see  six  bands  identifiable  as  a  ,  3  ,  and  a  crystallins 
(based  on  Mehta  and  Maisel,  1966);  following  other  separations  only  five 
clearly  distinguishable  bands  could  be  seen.  Furthermore,  occasionally 
a  narrow  fast  band  could  be  seen  (faster  than  the  a  crystallin  band). 

Figure  IV- 5  shows  the  electrophoretic  pattern  of  soluble  lenticular 
proteins  from  unirradiated  rabbit  eyes.  The  pattern  on  one  strip  repre¬ 
sents  the  soluble  proteins  fran  one  lens;  the  identical  pattern  on  the 
other  strip  are  from  the  contralateral  lens.  The  six  bands  (I  to  71) 
traveled  different  distances  from  the  point  of  application  (0).  The  rela¬ 
tively  wide  band  with  the  greatest  mobility  (I)  is  probably  a  crystallin; 
the  bands  of  intermediate  mobility  (II  and  III)  are  probably  3  crystallin; 
and  the  slowest  bands  (IV,  V,  and  VI)  are  probably  y  crystallin  (data  from 
Mehta  and  Maisel,  1966,  served  as  the  basis  for  this  correlation  of  crystal¬ 
lin  and  electrophoretic  bands). 
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Figure  I V-6  shows  the  electrophoretic  patterns  produced  by  the  lens 
proteins  taken  from  an  eye  immediately  following  irradiation  and  compared 
with  that  of  the  contralateral  control  lens.  There  are  six  bands  on  each 
strip  which  appear  identical  in  mobilities  and  'widths. 

Figure  IV-7  shews  the  separation  of  lens  material  taken  three  days 
following  irradiation.  In  contrast  to  the  previous  figures,  the  mobilities 
of  the  bands  are  not  identical  between  proteins  from  lens  of  irradiated 
and  contralateral  control  eye.  Five  bands  are  visible  on  the  strip  con¬ 
taining  lens  material  from  the  exposed  eye  (L) .  The  same  bands  are  visible 
on  the  strip  containing  material  from  the  control  lens  (C),  plus  an  addi¬ 
tional  fast  band  (la).  This  fast  band  was  occasionally  visible  following 
electrophoretic  separation  of  lenses  from  either  irradiated  or  control 
eyes,  and  appeared  ahead  of  the  fast  a  crystallin  (I)  band.  The  bands 
from  the  exposed  lens  appear  to  have  traveled  a  shorter  distance  than 
those  from  the  contralateral  control  lens.  Expressed  as  a  percentage  cf 
the  corresponding  bands  in  the  control  lens  strip,  the  mobilities  were: 

I,  925;  II,  815;  III,  795;  17,  755;  and  V,  335.  These  values  were  based 
on  measurements  made  Immediately  following  the  electrophoretic  separation 
and  may  be  slightly  different  from  those  on  the  dry  strip  in  the  figure. 

Comparison  of  the  mobilities  of  lenticular  protein  made  four  days 
following  irradiation  may  be  made  from  Figure  IV-8.  The  mobilities  expressed 
as  percentages  of  the  corresponding  band  from  the  control  lens  (C)  were: 

I,  395;  II,  515;  III,  585;  17,  45;; ;  and  7,  385.  Although  all  the  bands 
from  the  irradiated  lenses  had  lessened  mobilities  at  this  time  following 
irradiation,  the  mobility  of  band  I  (a  crystallin)  was  only  slightly 
depressed,  whereas,  that  of  the  remaining  bands  (II  to  V),  the  3  and  a 
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crystallins ,  were  quite  slowed.  The  two  remaining  strips  in  Figure  TV-8 
shows  the  pattern  produced  by  liquid  from  the  anterior  chambers  of  the 
irradiated  and  control  eyes.  The  strip  containing  the  plasnoid  aqueous 
hunor  from  the  control  eye  shows  six  bands .  The  fastest  and  widest  band 
is  probably  serum  albimin  (this  is  inferred  from  data  of  .'bore,  1959). 

The  fast  albumin  band  (Alb)  had  a  much  greater  mobility  than  the  fastest 
lenticular  protein  Band  (Band  I).  In  fact  the  slowest  visible  band  of  the 
plasmoid  aqueous  hunor  proteins  had  a  mobility  nearly  equal  to  the  I  band 
of  the  lenticular  protein. 

The  pattern  produced  by  the  aqueous  humor  from  the  irradiated  eye 
was  quite  different  from  that  of  the  control  eye.  The  fast  Alb  band  was 
still  quite  visible;  however,  the  pattern  appeared  to  contain  the  I  band 
of  the  normal  lens  protein,  both  In  mobility  and  band  width.  Also,  the 
slowest  IV  and  V  lens  protein  bands  seemed  present;  again  the  band  width 
and  mobility  equalled  that  of  the  normal  lens .  Tr.e  pattern  produced  by 
this  aqueous  humor  appeared  to  be  a  composite  of  plasma  and  lenticular 
proteins.  It  Is  not  surprising  that  lenticular  proteins  were  present  In 
the  aqueous  hunor  of  the  irradiated  eye  as  the  lens  capsule  had  spontaneous 
separated  from  the  remainder  of  the  lens  during  dissection  and  the  lens 
weight  was  approximately  70%  of  the  contralateral  values 

Ascorbic  Acid  and  Reduced  Glutathione  Determinations 

Ascorbic  Acid  'basursmer.ta  of  Aqueous  Humor 

When  sampled  with  the  Hamilton  microliter  syringe,  the  average  con¬ 
centration  of  ascorbic  acid  (AsA)  from  control  eyes  was  35  mg',  ranging 
from  25  to  ^3  mg'.  The  concentration  of  AsA  in  pairs  of  urlrradiated  eyes 
from  the  same  animal  agreed  within 


117 


Sampling  of  the  anterior  chamber  fluid  from  irradiated  eyes  with 
the  syringe  was  extremely  difficult  because  proper  placement  of  the  needle 
tip  in  the  anterior  chamber  of  the  irradiated  eyes  could  not  be  readily 
accomplished  on  account  of  the  lessened  transparency  of  the  corneas.  As 
one  did  not  have  a  clear  view  of  the  path  of  the  inserted  needle  tip,  it 
could  be  inserted  inadvertently  into  iridial  or  lenticular  tissue.  Further¬ 
more,  it  was  not  possible  to  withdraw  sufficient  material  for  assay  since 
the  plasmoid  aqueous  hunor  clotted  and  occluded  the  needle  linen.  There¬ 
fore,  aqueous  hinor  of  irradiated  eyes  could  not  be  obtained  by  direct 
sampling  for  AsA  determinations.  Consequently,  for  comparison  of  AsA  in 
aqueous  hunor  in  control  and  irradiated  eyes,  the  eyes  were  excised  and 
the  anterior  chamber  fluid  expressed  through  a  slit  made  through  the  center 
of  the  cornea  into  the  anterior  chamber. 

With  this  method,  the  aqueous  hunor  AsA  concentration  in  pairs  of 
unirradiated  as  well  as  irradiated  and  contralateral  control  eyes  was 
.measured  (Table  IV-1) .  The  average  concentration  of  AsA  in  aqueous  humor 
expressed  from  unirradiated  eyes  was  17.4  mgjS  and  ranged  from  9.4  to 
31.3  mg£.  These  values  from  pairs  of  control  eyes  showed  AsA  concentration 
ranging  from  31  to  124  percent  of  the  Contralateral  value  (Table  IV-1) . 
Agreement  from  pairs  of  control  eye  aqueous  humor  AsA  was  not  as  good  as 
with  the  syringe  technique. 

The  ascorbic  acid  concentrations  cf  the  anterior  chamber  fluid  frcr. 
irradiated  eyes  always  decreased  when  compared  with  that  cf  the  contra¬ 
lateral  control  eye,  'using  the  comeal  slit  method.  Two  hours  pest  irradia¬ 
tion  the  concentration  in  the  exposed  eye  could  only  be  determined  for  one 
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pair  of  eyes  because  of  difficulty  in  obtaining  adequate  liquid.  The 
value  for  the  AsA  concentration  In  this  eye  was  39  percent  of  the  con¬ 
tralateral  control  eye  value.  Cne  day  post  irradiation  the  value  was 
54  percent.  Adequate  material  'was  not  obtainable  from  the  three  day 
post  irradiation  group.  Five  days  post  irradiation  the  value  was  33 
percent.  Six  days  post  irradiation  adequate  material  could  not  be  ob¬ 
tained  for  assay.  The  decrement  of  AsA  concentration  of  the  aqueous 
humor  of  irradiated  eyes  appeared  to  have  occurred  previous  to  that 
in  the  lenses  from  the  irradiated  eyes. 

Lens  Investigations 

Lens  weights 

The  average  control  lens  weight  was  0.212  grams;  the  -weights  ranged 
fran  0.1750  to  0.269  grams  (Thble  IV-1) .  The  weights  of  pairs  of  lenses 
agreed  within  17  percent. 

Figure  17-9  is  a  plot  of  the  average  lens  weight  from  irradiated 
eyes  expressed  as  a  percentage  of  the  contralateral  control  lens  as  a 
function  of  time  following  irradiation. 

Initially,  following  irradiation,  the  lens  weights  were  rather  con¬ 
stant  and  not  greatly  different  from  the  contralateral  control  lens  -weights. 
Two  hours  post  irradiation  the  average  percentage  relative  to  that  of  the 
contralateral  control  lens  weight  was  32  percent;  one  day  after  irradia¬ 
tion  104  percent ;  three  days ,  89  percent ,  and  5  days ,  39  percent . 

Lenticular  ascorbic  acid 

The  average  value  of  ascorbic  acid  (AsA)  in  the  control  lenses  was 
14.1  mg3;  the  values  ranged  from  8.2  to  18.3  mg*  (including  pairs  of 


unlrradlaced  lenses ) .  The  concentrations  of  AsA  in  pairs  of  lenses  from 
unirradiated  eyes  (Table  IV-1)  were  compared  and  the  concentrations  agreed 
within  8  percent. 

The  concentration  of  AsA  in  each  irradiated  lens  was  expressed  as  a 
percentage  of  the  concentration  in  the  contralateral  control  lens  (PCD. 
The  average  of  these  values  in  each  irradiation  tine  group  were  plotted 
versus  time  after  irradiation  (Figure  17-10).  The  ordinate  is  graduated 
in  percent,  the  abscissa,  in  days  post  irradiation.  The  curve  appeared 
to  be  somewhat  parabolic  in  shape.  Two  hours  after  irradiation  the  per¬ 
centage  for  lens  ascorbic  acid  was  87  percent  (average);  one  day  after 
irradiation,  95  percent;  three  days  after  irradiation,  54  percent;  and 
five  days  after  irradiation  only  34  percent.  Six  days  post  irradiation 
the  value  had  decreased  to  approximately  23  percent;  it  wa s  barely  meas¬ 
urable. 

Lenticular  reduced  glutathione 

The  concentration  of  reduced  glutathione  (GSH)  in  each  lens  from  an 
irradiated  eye  was  expressed  as  a  percentage  of  the  concentration  in  the 
contralateral  control  lens  (Thble  IV-1).  The  values  in  each  post  irra¬ 
diation  time  group  were  averaged.  In  Figure  IV-11  these  values  are 
plotted  versus  time  after  Irradiation.  The  resultant  curve  appears 
grossly  similar  to  the  plot  for  lenticular  ascorbic  acid  concentration 
described  above. 

Two  hours  after  irradiation  the  average  percentage  of  the  contra¬ 
lateral  control  lens  concentration  was  93";  one  day  pest  irradiation,  99"; 
three  days  post  irradiation,  475jfive  days  post  irradiation,  4C",  and 
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six  days  post  irradiation  was  zero. 

Curing  the  first  three  days  p-radiation  the  lens  weight  remained 
constant;  the  AsA  and  GSH  concentrations  had  started  to  decrease  three 
days  following  irradiation.  Four  to  five  days  post  irradiation  the 
AsA  and  GSH  concentrations  continued  to  decrease.  Lens  changes  were 
noticeable  at  this  time;  Increased  volume  of  cortical  liquefaction, 
whitened  lines  on  the  posterior  surface  and  spontaneous  decapsulation 
on  excision  occurred.  The  nearly  total  disappearance  of  lenticular 
AsA  and  GSH  observed  six  days  post  irradiation  was  accompanied  by  a 
marked  decrease  of  lens  weight.  The  remaining  lens  material  was  nearly 
completely  white.  These  data  (concentration  and  weight)  suggest  that 
biochemical  changes  may  occur  previous  to  changes  in  lens  weight.  The 
concentrations  of  AsA  and  GSH  were  expressed  as  a  percentage  of  wet 
weight,  .formally,  the  young  rabbit  lens  contains  approximately  75 % 
water  (Prince,  1964).  It  is  possible  that  the  water  content  changed 
in  the  period  during  which  these  measurements  were  made. 

In  Figure  IV-12  the  total  weight  of  glutathione  and  ascorbic  acid 
per  lens  (concentration  times  weight)  were  also  expressed  as  a  percent¬ 
age  of  the  contralateral  (control)  lens  GSH  or  AsA  weight  per  lens  (Av 
PCL  Wt).  These  values  were  averaged  for  each  irradiation  group  for 
GSH  and  for  AsA.  Figure  17-12  is  a  plot  of  these  values  as  a  function 
of  time  post  irradiation.  The  ordinate  is  graduated  in  percent;  the 
abscissa,  in  days  post  irradiation.  The  two  curves  nearly  paralleled 
one  another;  however,  the  decrement  of  AsA  per  lens  was  slightly  greater 
than  that  of  the  corresponding  total  values  for  glutathione  per  lens 
following  irradiation. 


Two  hours  following  Irradiation  the  Av  PCL  Wt  for  AsA  was  733; 
that  of  GSH  was  303 .  One  day  following  irradiation  the  Av  PCL  Wt  value 
for  AsA  was  approximately  993;  chat  of  GSH  was  1033.  Three  days  follow¬ 
ing  irradiation  the  Av  PCL  Wt  value  for  AsA  was  4 5 3;  that  of  GSH  was  433. 
Five  days  post  irradiation  the  Av  PCL  Wt  value  for  AsA  was  approximately 
303;  that  for  GSH  approximately  353.  Six  days  post  irradiation  the  Av 
PCL  Wt  value  for  AsA  was  approximately  13.  No  measurable  amount  of  GSH 
was  found  at  this  time. 

Ancillary  Investigations 

During  irradiation  the  comeal  surface  temperature  increased  from 
an  average  of  31.5°  C  to  61.6°  C  Can  average  increase  of  30°C).  The  aver¬ 
age  maximal  temperature  of  44°  c  was  measured  in  the  aqueous  hunor 
extruded  through  a  slit  made  in  the  cornea  inmedlately  following  the 
cessation  of  irradiation. 

The  decrement  of  rectal  temperature  measured  following  the  adminis¬ 
tration  of  urethane  and  Innova r  Vet  are  shown  in  Figure  IV-13.  The 
temperature  decreased  nearly  linearly  from  an  approximate  value  of  40°  C. 
The  average  rate  of  decrease  following  the  drug  administration  was  approx 
mately  1.3°  C/30  minutes  in  these  two  measurements.  Although  the  corre¬ 
sponding  anterior  chamber  temperature  changes  were  not  measured  in  this 
experiment,  Goldmann  (1933a)  reported  that  the  temperature  would  decrease 
correspondingly . 

The  results  of  concurrent  assays  of  lenticular  reduced  glutathione 
(GSH)  and  oxidized  glutathione  (GSSG)  in  animals  following  either  C02 
laser  irradiation  of  the  cornea  or  needling  of  the  lens  were  as  follows: 
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Lenses  were  dissected  from  eyes  excised  six  days  following  irradiation 
of  two  5- lb  animals.  Lens  L-l  consisted  of  an  amorphous  mass  of  floccu- 
lent  white  material.  The  cortical  material  of  the  superior  equatorial 
and  posterior  region  of  lens  L-2  was  whitened;  the  remainder  of  the  lens 
was  relatively  clear.  Two  5-lb  rabbits  were  killed  five  days  following 
needling  of  the  left  eyes .  Lens  N-l  had  an  obviously  tom  anterior  lens 
capsule  and  a  whitened  cortex.  The  other  needled  lens,  N-2,  was  grossly 
normal  except  for  a  small  white  puncture  spot  in  the  mid  anterior  surface 
of  the  lens.  Values  for  these  lenses  are  expressed  as  percentages  of  that 
in  the  contralateral  control  eye  (except  for  the  values  of  GSSG  as  per¬ 
centage  of  total  lens  glutathione  (GSSG+GSH)) .  This  value  was  computed 
for  each  lens. 


Lens 

GSSG 

GSH 

GSSG 

No. 

Weight 

Concentration  Weight 

Concentration  Weight 

GSSG+GSH 

L-l 

51? 

49? 

25? 

58? 

30? 

4.5? 

L-2 

78% 

66 ? 

52? 

75? 

58? 

4.8? 

N-l 

75% 

139? 

100? 

66? 

59? 

16.0? 

N-2 

100% 

112? 

113? 

87? 

89? 

10.0? 

Control 

lenses 

(lasered  animals) 

5.0? 

Control 

lenses 

(needled  animals) 

8.0? 

It  appears  that  both  oxidized  and  reduced  glutathione  had  decreased  in 
concentration  and  in  weight  in  lenses  from  irradiated  eyes.  The  relation¬ 
ship  of  GSSG  to  total  glutathione,  however,  had  not  changed  from  that  in 
the  contralateral  control  lenses.  In  contrast,  data  from  the  needled 
lenses  indicate  that  although  the  GSK  had  decreased,  the  GSSG  had 
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correspondingly  Increased.  In  fact,  the  percentage  decrease  of  OSH  is 

almost  exactly  offset  by  a  corresponding  increase  in  the  percentage  of 

GSSG  concentration.  Furthermore,  the  amount  of  GSSG  had  increased 

0220 

noticeably — the  ratio  ^Sg+GSE"  severely  injured  lens  doubled. 

Discussion 

Beam  Adjustment  and  Measurements 

For  these  studies  it  might  have  been  desirable  to  obtain  uniform 
corneal  irradiations.  With  the  laser  used,  however,  it  was  difficult  to 
obtain  and  maintain  a  beam  pattern  which  was  essentially  uniform  over  the 
irradiated  diameter  desired  at  the  power  density  levels  required.  Conse¬ 
quently,  the  central  part  of  an  essentially  Gaussian  beam  was  used  during 
these  irradiations . . 

Thermofax  paper  is  darkened  by  heat;  low  CO2  laser  output  densities 
(approximately  50  mW/cm^.  are  not  adequate  to  darken  the  paper,  even  on 

p 

long  exposures  (minutes);  high  power  densities  (greater  than  50  W/cm  ) 
nearly  simultaneously  blacken  and  ignite  the  irradiated  area.  On  protracted 
intermediate  CO2  power  density  exposures  heat  flows  through  the  periphery 
of  the  irradiated  region  resulting  in  a  pattern  larger  than  the  Impinging 
beam.  Short  exposure  of  intermediate  power,  however,  results  in  a  pattern 
whose  varying  degrees  of  darkness  is  roughly  a  function  of  the  local  cower 
densities.  The  laser  was,  therefore,  adjusted  by  observing  the  output 
pattern  produced  on  Thermofax  paper  on  short  exposure. 

It  was  felt  that  It  would  be  impractical  to  carry  out  a  beam  scan  for 
each  irradiation.  To  substantiate  the  assunption  that  the  darkened  pattern 
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used  as  a  monitor  during  these  experiments  would  be  satisfactory,  a  beam 
profile  was  measured  for  such  a  pattern  (Figure  JV-3) .  The  Gaussian-like 
profile  obtained  in  the  X  and  Y  directions  was  such  that  it  was  felt  that 
monitoring  with  the  Thermo fax  paper  would  be  satisfactory  during  these 
experiments . 

There  may  have  been  slight  inaccuracies  in  the  power  density  pro¬ 
file  values  measures  (Figure  17-3)  due  to  inequalities  of  the  response  of 
the  radiant  energy  beam  detector  to  different  power  densities,  as  the  aper¬ 
ture  was  scanned  across  the  detector.  The  measured  power  density  profile 
might  have  been  more  accurate  if  the  power  detector,  fitted  with  an  aper¬ 
ture,  had  been  scanned  across  the  beam;  however,  the  weight  and  bulk  of 
the  power  detector  precluded  such  an  operation.  The  diameter  of  the  beam 
was  increased  for  in  vivo  irradiations  in  order  that  the  greater  portion 
of  the  corneal  surface  would  be  exposed.  The  laser  was  retuned  so  the 
beam  diameter  was  slightly  larger  than,  and  thus  limited  by  the  beam 
selector  aperture.  The  power  density  distribution  (as  inferred  by  the 
pattern  produced  on  Thermofax  paper)  (Figure  IV-2)  appeared  similar  to 
the  pattern  on  paper  associated  with  the  beam  pattern  described  above.  The 
power  density  distribution  of  this  larger  beam  was  not  measured  because  of 
the  relative  insensitivity  of  the  available  power  measuring  equipment. 

Use  of  the  beam  selector  aperture  permitted  simple  location  of  the 
beam  axis  and  furthermore  defined  the  beam  irradiating  the  eye.  When  the 
laser  was  adjusted  so  the  output  beam  pattern  on  Thermofax  paper  (held 
approximately  0.3  cm  distal  to  the  beam  selector  aperture)  was  concentric 
with  and  filled  the  aperture,  one  could  then  irradiate  the  entire  comeal 
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surface  with  minimal  exposure  of  the  ocular  adnexa.  Furthermore ,  when 
the  axis  of  the  eye  and  that  of  the  laser  beam  coincided,  the  maximun 
power  density  of  the  beam  and  thus  the  maximun  heating  coincided  with  the 
canter  of  the  cornea.  When  the  cornea  flattened,  the  temperature  of  the 
underlying  aqueous  hunor  in  the  pupillary  region  'was  probably  highest  at 
the  center.  Therefore,  when  the  cornea  and  lens  were  apposed  following 
comeal  flattening,  the  aqueous  hunor  in  the  pupillary  region  (exposed 
lens  region)  may  have  been  heated  to  a  greater  temperature  than  that  of 
any  other  region  of  the  anterior  chamber.  The  maximun  heating  and  thus 
the  initial  collagen  shrinkage  occurred  at  the  center  of  the  cornea. 

Them  may  have  been  other  regions  of  temperature  differences.  As  dis¬ 
cussed  below,  the  temperature  in  the  superior  portion  of  the  anterior 
chamber  may  have  been  greater  than  that  of  the  inferior  region. 

Anesthesia 

Imovar  Vet  is  a  combination  of  a  synthetic  morphine-like  compound 
(fentanyl)  and  a  tranquilizer  (droperidol) .  High  doses  of  either  of  these 
class  of  compounds,  especially  the  morphine-like  substance,  can  depress 
the  respiratory  center  (Sharpless,  1965)-  Pentobarbital,  a  medium  length 
duration  type  barbiturate,  will  also  depress  the  respiratory  center  when 
employed  in  adequate  doses. 

In  a  previous  study  Innovar  Vet  (I.M. )  and  pentobarbital  (I.V.)  per 
se  or  in  combination  were  employed  as  anesthetic  agents.  The  use  of 
Innovar  Vet  resulted  in  an  apparent  increase  of  fluid  in  the  respiratory 
tract  and  resultant  distress.  Atropine  sulfate  (S.C.)  was  used  to  depress 
the  fluid  production.  Anesthetic  doses  of  pentobarbital  apparently  did 
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not  cause  respiratory  distress  from  fluid  accumulation  in  the  lungs. 

Such  dDses ,  however,  often  caused  death,  seemingly  due  to  respiratory 
depression. 

The  respiratory  distress  accompanying  adequate  levels  of  anesthesia 
was  greater  when  Innovar  Vet  was  used,  than  when  pentobarbital  was  used 
(both  were  used  in  conjunction  with  atropine  sulfate).  In  the  previous 
study,  more  than  25  percent  of  the  rabbits  died  during  or  shortly  after 
irradiations  when  anesthetized  using  either  or  both  of  these  substances, 
alone  or  in  combination.  Furthermore ,  horizontal  nystagmus  was  often 
present  in  animals  thus  anesthetized.  This  movement  of  the  eyes  during 
irradiation  often  prevented  protracted  even  irradiation  of  selected  areas 
of  the  cornea. 

Accordingly  to  Shideman  (1958)  urethane  (ethyl,  carbamate)  has  been 
used  for  many  years  as  an  anesthetic  agent  in  animal  experiments .  Massive 
doses  of  urethane  can  produce  protracted  unconsciousness  and  anesthesia 
without  fatal  respiratory  depression.  In  this  study  relatively  safe  and 
adequate  levels  of  anesthesia  were  obtained  in  weanling  albino  rabbits  with 
the  systemic  adnlnistration  of  urethane  (S.C.)  and  Innovar  Vet  (I.M.) 

(1.5  and  0.15  ml  respectively  per  pound  of  body  weight)  plus  the  topical 
administration  (to  the  eyes)  of  proparacaine  HC1  ophthalmic  solution. 

Vlhen  the  animals  were  adequately  anesthetized,  there  was  no  noticeable 
respiratory  distress  and  no  observable  nystagmus .  The  lack  of  nystagnus 
permitted  continuous  even  irradiation  of  the  cornea. 

The  local  anesthetic  proparacaine  was  originally  used  to  permit  the 
painless  insertion  of  a  speculun.  Although  a  speculum  was  not  employed 
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In  this  study,  the  use  of  proparacaine  was  continued.  The  animals  sys- 
temicaliy  anesthetized  with  'urethane  and  Innovar  Vet  could  not  be  irradi¬ 
ated  without  some  resistance  unless  either  the  quantity  of  the  systemic 
anesthetic  agents  was  increased  or  proparacaine  used. 

Less  than  10  percent  of  all  animals  'anesthetized  in  this  manner 
died  spontaneously  during  or  following  irradiation.  This  method  of  anes¬ 
thetizing  weanling  rabbits  appeared  to  be  superior  to  those  previously 
employed  in  our  studies. 

The  use  of  0.1  ml  of  Innovar  Vet,  I.M.  one  and  two  days  following 
the  Irradiation  may  not  have  been  necessary  but  was  routinely  administered 
to  avert  gross  dis comfort. 

In  Vivo  Irradiations 

Preliminary  Phase  of  the  Investigation 

The  effect  of  the  post  irradiation  comeal  perforation  appeared  to 
differ.  In  certain  of  our  preliminary  irradiation  experiments,  the  lens 
was  absent  on  opening  the  eye.  The  lens  may  have  been  extruded  through 
a  corneal  perforation.  Serial  sections  of  the  cornea  would  clarify  this. 

As  the  animals  were  housed  in  standard  cages  following  irradiation,  this 
could  have  occurred  without  being  noted. 

It  is  also  possible  that  resorption  of  the  lens  cortex  and  nucleus 
may  have  occurred.  This  may  have  been  precipitated  by  cornea-lens  contact 
following  loss  of  anterior  chamber  aqueous  humor  via  a  perforated  corneal 
ulcer.  Also  the  lens  capsule  may  have  been  raptured  during  or  following 
corneal  irradiation.  Subsequently,  the  exposed  cortical  material  cculd 
have  been  altered  on  contact  with  aqueous  hinor,  then  resorted  by  diffusion. 
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Resorption  could  have  also  resulted  from  an  iircnune  process.  A  combina¬ 
tion  of  these  processes  may  have  been  responsible  for  resorption  of  lens 
material. 

It  has  been  reported  clinically  that  both  lenses  and  vitreous  huncr 
have  been  resorbed  following  injury  and  subsequent  infection.  According 
to  Duke-Elder  (1970),  the  resultant  gross  appearance  of  such  an  eye  exter¬ 
nally  is  one  of  microphthalmia,  and  internally,  of  complete  retinal  detach¬ 
ment.  The  retina  remains  attached  at  both  the  ora  serrata  and  the  optic 
nerve.  This  description  is  essentially  identical  to  that  of  certain 
irradiated  eyes  examined  in  this  study  following  enucleation  and  fixation 
several  weeks  after  irradiation.  The  interior  of  the  microphthalmic  eyes 
contained  a  fibrous  plaque  in  the  lens  region  attached  by  a  thin  fibrous 
stalk  to  the  optic  nerve.  Apparently,  following  retinal  detachment  (and 
subsequent  fixation)  the  opposed  surfaces  contacted  and  adhered. 

The  purulent  mass  observed  filling  other  eyes  probably  was  the  er.d 
result  of  an  overwhelming  panophthalmitis  caused  oy  infecting  organisms 
which  entered  the  eye  through  the  perforated  comeal  'ulcer. 

Major  Phase  of  the  Investigation 

The  concomitant  administration  of  topical  sodiun  sulfacetamide  and 
systemic  penicillin,  following  1.5  watt  90  second  corneal  irradiations 
prevented  the  purulent  keratitis.  Although  the  offending  organisms  were 
not  isolated  and  identified,  this  treatment  regime  proved  to  be  efficaci¬ 
ous.  The  simultaneous  administration  of  a  sulfonamide  and  an  antibiotic 
is  an  effective  and  not  uncomnon  treatment  (V/einstein,  1965)  which  is 
simple  and  readily  available.  Sodium  sulfacetamide  is  reportedly  non- 
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irritating  to  the  cornea  and  penetrates  readily  into  comeal  tissues 
(Havener,  1970).  The  following  is  a  discussion  of  the  gross  appearance 
of  the  corneas,  irides  and  lenses  following  irradiation. 

Gross  Appearance 

The  pitting  of  the  corneas  and  the  attendant  meicsis  observed  fol¬ 
lowing  irradiation  have  been  discussed  in  Chapter  II.  The  appearance 
of  the  corneas  immediately  following  irradiation  differed  from  that 
observed  in  the  ensuing  day;  that  is,  the  corneas  became  whiter  and 
developed  an  ever  increasing  blue  hue  with  time.  This  blue  hue  was  first 
observed  one  to  two  hours  post  irradiation.  The  initial  whitening  post 
irradiation  was  probably  due  to  light  scattered  from  coagulated  comeal 
protein. 

The  increased  comeal  thickness  associated  with  edema  observed  may 
have  been  partially  responsible  for  the  increased  whitening  and  blueness 
observed  with  time.  With  edema,  the  transparency  decreases  and  scatter¬ 
ing  increases.  According  to  Maurice  (1969)  only  a  small  amount  of  light 
is  scattered  by  the  normal  cornea.  Scattering  is  greater  at  shorter  than 
at  longer  wavelengths .  Maurice  shone  a  beam  of  white  light  along  the  axis 
of  a  strip  of  excised  cornea.  The  tissue  near  the  entry  of  the  beam  slewed 
blue  and  that  remote  from  it  glowed  red.  (Maurice  postulated  that  the 
transparency  of  the  normal  cornea  is  dependent  on  the  presence  of  a  regu¬ 
lar  crystalline-1 ike  arrangement  of  the  collagen  fibrils.  The  interfibrii- 
lar  spacing  is  said  to  become  irregular  in  the  edematous  cornea.)  Alter¬ 
nately,  there  may  have  been  additional  denaturaticr.  of  proteins  occurring 
with  time,  thus  increasing  the  whitening  and  blueness.  A  combination  of 
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the  above  two  mechanisms  may  have  been  responsible  for  these  changes  in 
the  appearance  of  the  corneas  following  Irradiation. 

Although  histopathologic  examination  was  not  carried  out,  the  white 
flocculent  material  observed  floating  on  the  comeal  surfaces  two  to 
three  days  post  irradiation  probably  was  cl  imps  of  necrotic  epithelial  and 
stromal  cells. 

The  clear  central  region  of  the  cornea  observed  about  four  days  fol¬ 
lowing  irradiation  probably  was  Descemet's  membrane.  Apparently  the 
necrotic  whitened  stromal  material  had  sloughed  off  completely  from  this 
region.  Descemet's  membrane  is  the  basement  membrane  of  t ho  endothelial 
cells  of  the  cornea  ( Fine  and  Yanoff,  1572).  This  layer  must  have  been 
subjected  to  a  temperature  elevation  similar  to  that  of  the  adjacent 
comeal  stroma  during  irradiation  of  the  cornea.  Nevertheless,  its  struc¬ 
ture  appeared  to  have  been  affected  to  a  lesser  degree  than  that  of  the 
comeal  stroma,  as  it  remained  following  sloughing  of  the  outer  layers . 

The  conical  distention  of  the  corneas  aiorg  the  optic  axis  observed 
five  to  six  days  post  irradiation  suggests  that  the  comeal  "issues  which 
remained  following  erosion  of  the  anterior  layers  were  weaker  than  the 
intact  cornea.  They  mao'  have  been  distended  by  either  normal  or  increased 
intraocular  pressure. 

There  are  several  factors  which  may  have  been  responsible  for  pro¬ 
ducing  the  adjacent  areas  of  blanching  and  normal  color  in  the  irides  of 
the  irradiated  eyes  observed  following  irradiation.  The  blanching  of 
the  superior  portion  suggests  that  the  temperature  of  this  region  may  have 
been  increased  to  a  greater  level  than  the  remainder  of  the  anterior  chamber 
during  CC2  laser  irradiation  of  the  cornea.  Temperature  measurement  in 
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this  investigation  indicated  that  the  temperature  of  the  aqueous  hunor 
present  in  the  pupillary  region  of  the  anterior  chamber  at  the  termination 
of  the  1.5  W,  90  second  irradiation  had  been  elevated  to  at  least  44°  C. 
Probably  the  temperature  elevation  in  the  anterior  chamber  was  considerably 
higher.  (Steady-state  temperature  data  from  Chapter  II  show  that  on  con- 
tinous  irradiation  of  the  corneas  of  larger  rabbit  eyes  at  a  power  density 
of  380  mW/cm  ,  the  aqueous  honor  temperature  was  elevated  to  48°  C  without 
concomitant  blanching  of  the  irides.  The  corneas  of  these  larger  animals, 
however,  were  not  flattened  during  these  lower  power  density  irradiations.) 

Possibly,  during  irradiation  the  heated  aqueous  honor  rose  to  the 
superior  region  of  the  anterior  chamber  and  increased  the  temperature  of 
this  portion  of  the  cornea  and  irides  to  a  higher  level  than  that  of  the 
remainder  of  the  tissue.  Because  of  the  higher  temperature ,  maximal 
edematous  swelling  of  the  cornea  may  have  occurred  in  this  region.  This 
would  have  decreased  the  depth  of  the  anterior  chamber  in  the  superior 
region  to  a  greater  extent  than  the  remainder  of  the  chamber.  During 
corneal  flattening  either  the  pressure  of  the  cornea  on  the  iris  or  the 
increased  pressure  in  the  anterior  chamber  may  have  squeezed  the  clocd 
from  the  two  superior  branches  of  the  major  iridial  circle.  (According 
to  Prince  and  Zglitis,  1956a.  the  major  iridial  circle  is  supplied  with 
arterial  blood  from  two  main  branches,  one  enters  nasally,  the  other  tem¬ 
porally.  After  entering  the  iris,  each  bifurcates  and  sends  branches 
superiorly  and  inferiorly.)  If  the  blood  were  forced  fran  the  superior 
branches  during  flattening  of  the  cornea,  their  counterparts  in  the 
inferior  region  may  have  been  temporarily  engorged.  Once  the  blood  flew 
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was  stopped  in  the  superior  portion  of  the  irides,  a  major  portion  of 
the  mechanism  for  the  cooling  of  this  region  was  removed.  Heat  from  the 
cornea  as  well  as  a  limited  flow  of  heated  aqueous  honor  to  this  region 
may  have  caused  a  marked  increase  of  the  temperature  of  the  superior  region 
with  resultant  permanent  local  damage  to  the  vasculature.  Although  his¬ 
tology  was  not  carried  out  in  this  investigation,  Hoffmann  and  Kunz  (1931*) 
published  descriptions  of  the  histology  of  heat-damaged  iridial  tissue. 

They  noted  that  the  iridial  arteries  we re  generally  empty  of  blood  and 
that  many  of  the  capillaries  in  the  deeper  regions  of  the  irides  were 
alternately  constricted,  so  the  appearance  was  that  of  links  of  sausages. 
Uieir  findings  have  been  reviewed  in  Chapter  II. 

Davson  (1969)  stated  that  the  active  production  of  aqueous  honor  is 
dependent  on  the  associated  blood  flow  in  the  ciliary  processes.  There¬ 
fore,  on  the  basis  of  the  loss  of  circulation  in  these  eyes,  at  least  one- 
third  of  the  total  ciliary  process  secretory  mechanism  may  have  been  halted. 

The  blood  flow  did  not  return  to  the  blanched  superior  third  of  the 
Irides  following  irradiation.  This  indicated  that  the  mechanism  which 
caused  the  occlusion  during  irradiation  was  permanent  or  had  been  replaced 
by  an  alternate  mechanism.  It  seems  that  the  arterial  supply  must  have 
been  occluded  initially.  If  the  venous  system  had  been  closed,  the  bleed 
flow  would  have  been  halted;  however,  the  tissue  would  have  contained 
trapped  bloow,  and  thus  would  not  have  been  blanched.  Apparently,  the 
vascular  occlusion  was  caused  by  heating,  perhaps  in  conjunction  with  pres¬ 
sure  elevation. 

The  blanching  of  the  entire  iridial  and  ciliary  processes  observed 


five  to  six  days  post  irradiation  indicated  a  complete  stoppage  of  the 
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associated  arterial  blood  flow.  This  may  have  resulted  from  either  an 
inflanrnatory  process,  from  the  pressure  of  an  anteriorly  prolapsed  lens, 
or  from  a  combination  of  these  situations.  A  prolapsed  lens  could  have 
pressed  the  irldes  between  the  anterior  lenticular  and  posterior  corneal 
surfaces.  This  might  have  expressed  any  blood  and  prevented  any  influx. 

The  following  discussion  concerns  the  gross  appearance  of  lenses 
dissected  from  eyes  excised  following  irradiation  and  used  for  biochemical 
or  electrophoretic  investigations.  The  lenses  were  faintly  cloudy;  the 
occasional  whitened  lenses  observed  at  this  time  were  not  used  for  either 
electrophoretic  or  biochemical  investigations .  The  region  of  microscopic 
bubbles  observed  beneath  the  anterior  capsule  of  lenses  dissected  from  eyes 
excised  immediately  following  irradiation  appeared  similar  to  that  observed 
in  control  lenses  which  had  been  iimersed  in  normal  saline  for  30  minutes 
or  more.  The  resultant  appearance  of  slight  cloudiness  in  either  case  may 
have  been  a  non-specific  response  of  the  lens  to  injury,  i.e.,  lenses  from 
irradiated  eyes  may  have  exhibited  thermal  injury;  lenses  immersed  in 
normal  saline  may  have  exhibited  an  injury  which  may  have  resulted  from 
impaired  metabolism  (lack  of  glucose,  etc.). 

Certain  of  the  eyes  were  enucleated  and  fixed  following  irradiation. 
The  superior  portion  of  the  lenses  from  these  eyes  bore  the  imprint  of  the 
posterior  surface  of  the  irldial  processes.  This  unwhitened,  imprinted 
area  may  have  been  associated  with  an  alteration  of  the  subjacent  lens 
cortex,  and  a  concomitantly  increased  pressure  of  the  iris  on  the  lens 
surface.  The  situation  of  the  altered  cortex,  demonstrable  immediately 
post  irradiation,  appears  analogous  to  the  altered  but  unwhlter.ed  indented 
regions  of  lenses  observed  following  7  watt,  1.5  second  focused  irradiaticn 


and  subsequent  fixation  described  in  Chapter  III.  The  apparent  pressure 
of  the  iris  on  the  lens  may  have  been  associated  with  corneal  flattening. 
The  tom  lens  capsule  observed  occasionally  in  these  fixed  lenses  dis¬ 
sected  from  eyes  enucleated  immediately  post  irradiation  may  have  resulted 
from  a  local  shrinkage  of  the  capsule  collagen.  The  tom  area  was  not 
apparent  in  unfixed  lenses  observed  shortly  following  irradiation;  either 
the  tear  was  not  noticed  because  of  the  transparent  nature  of  the  capsule 
and  the  underlying  cortex  or  the  involved  region  of  the  capsule  was  only 
structurally  altered  and  tore  during  the  fixation  reaction. 

The  whittl'd. jg  of  the  suspensory  ligaments  of  the  lens  (zonules  of 
Zim) ,  noted  in  the  superior  portion  of  certain  eyes  shortly  after  comeal 
irradiation  probably  resulted  from  heat.  The  temperature  of  the  zonules 
probably  was  Increased  by  the  vertical  flow  of  heated  aqueous  humor.  The 
inability  of  these  thin  avascular  structures  to  conduct  surface  heat  away 
from  themselves  either  by  blood  flow  or  by  conduction  to  deeper  regions 
may  have  resulted  in  higher  temperatures  than  that  suffered  by  adjacent 
tissues  such  as  the  ills.  Apparently,  there  was  ensuing  denaturation  and 
coagulation.  The  relatively  inelastic  zonules  (Dische,  1970)  are  normally 
inserted  into  the  lens  capsule  at  the  equatorial  region.  The  transient 
local  heat  shrinkage  of  the  adjacent  capsular  collagen  could  have  increased 
the  tension  of  a  series  of  these  denatured  zonules  and  caused  the  broker, 
fibers  frequently  observed. 

The  liquefied  cortical  material  observed  without  fixation  two  or 
three  days  post  irradiation  in  the  superior  portion  of  the  lenses  may  still 
have  contained  relatively  normal  proteins.  This  is  inferred  from  the 
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observation  that  the  liquefied  region  and  the  adjacent  solid  material 
of  the  lenses  was  indistinguishable  in  resiliency  following  fixation  in 
glutaraldehyde .  Assunedly,  if  the  liquefaction  were  caused  by  marked 
proteolysis,  the  resultant  fluid  (amino  acids  and  polypeptides)  would 
not  have  reacted  to  the  fixative  in  a  manner  identical  to  that  of  the 
parent  proteins. 

Normally,  it  takes  deliberate  effort  to  separate  the  capsule  fron 
the  underlying  cortex.  Pour  to  five  days  following  irradiation  spontane¬ 
ous  decapsulation  occurred  during  dissection  of  the  lens.  This  indicated 
a  lessening  of  the  attachment  between  the  cortex  and  capsule.  This  may 
have  been  due  to  a  tear  or  an  altered  area  of  the  capsule,  which  might 
have  permitted  abnormal  passage  of  aqueous  hunor  into  the  subcapsular 
region.  It  appears ,  however,  that  entry  of  aqueous  humor  may  result  in 
lens  whitening.  This  did  not  occur  except  in  the  superior  region  of  the 
lens;  however,  the  lens-capsular  attachment  apparently  was  lessened  in 
all  regions.  Consequently,  an  alternate  explanation  is  that ‘the  metabolism 
of  the  lens  may  have  been  altered  in  such  a  way  as  to  weaken  the  capsular- 
cortical  attachments. 

Inmunological  factors  may  have  been  of  Importance  in  the  lenticular 
capsule  weakening  or  tearing.  Heat -induced  alteration  of  the  lens  capsule 
might  have  changed  its  imnunological  response.  Kuck  (1970a)  reported  that 
the  lens  capsule  has  a  high  concentration  of  polysaccharides  and  thus  has 
been  suspected  as  a  source  of  antigens. 

The  cause  of  the  delayed  whitening  of  the  superior  region  of  the 
posterior  lenticular  surface  observed  four  to  five  days  post  irradiation 
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is  not  readily  apparent.  One  may  assume  that  it  resulted  from  thermal 
damage  to  the  lens  fibers.  Mature  lens  fibers  extend  from  the  anterior 
sutural  region  across  the  equator  to  the  posterior  sutural  region.  It 
appears  that  the  heating  caused  by  the  irradiation  of  the  ccmea  raised 
the  temperature  of  the  anterior  region  of  the  lens  to  a  higher  level  than 
that  of  the  posterior  region;  therefore,  one  might  expect  the  delayed 
whitening  to  be  visible  initially  in  the  anterior  region.  The  reasons 
for  this  apparently  anomalous  site  of  whitening  in  the  posterior  part  of 
the  lens  is  not  understood. 

The  marked  degree  of  total  whitening  and  decreased  volumes  of  the 
lenses  observed  six  days  post  irradiation  may  have  resulted  from  a  number 
of  factors.  Although  the  exact  mechanism  is  not  clear,  it  probably 
involved  interactions  between  aqueous  humor  and  lenticular  contents,  the 
non-specific  response  of  dead  and  dying  cells  in  avascular  tissue,  inabil: 
to  maintain  metabolism  of  the  fibers  and  proteolysis. 

As  discussed,  the  majority  of  the  lenses  used  appeared 'relatively 
clear  on  in  vivo  inspection  immediately  post  irradiation.  Approximately 
ten  percent  of  the  eyes,  however,  contained  obviously  whitened  lenses; 
the  eyes  from  this  latter  group  were  net  used  for  electrophoretic  or  bio¬ 
chemical  investigations .  This  Immediate  whitening  of  the  lens  possibly 
resulted  from  excessive  heating  and  may  have  been  due  to  the  following: 

1)  A  reduced  heat-dissipation  of  these  eyes;  2)  a  comparatively  higher 
pre-irradiation  ocular  temperature;  and  3)  increased  irradiation  of  this 
group.  Comparatively  shallower  anterior  chambers  and  smaller  iridial 
blood  flew  of  slightly  smaller  eyes  may  hare  a  lessened  capacity  for  heat 


dissipation.  This  may  have  resulted  in  a  greater  temperature  elevation 
in  these  eyes  during  the  irradiation.  Alternately,  although  less  likely, 
the  whitened  lenses  may  have  teen  heated  to  a  higher  temperature  not 
because  of  a  greater  temperature  elevation  per  se  or.  irradiation,  but 
because  of  a  higher  pre-irradiation  temperature .  In  this  regard,  Golcmann 
(1933a)  stated  that  the  amount  of  injury  is  dependent  on  the  final  tempera¬ 
ture  rather  than  the  temperature  increase  per  se.  He  reported  that  the 
ocular  temperatures  rise  and  fall  with  the  temperature  of  the  body.  An 
ancillary  investigation  in  this  chapter  showed  that  the  body  temperature 
decreased  following  the  administration  of  the  anesthetic  agents.  This 
decrease  averaged  approximately  1.5°  C  for  the  initial  30  minutes.  Thus, 
if  the  interval  between  the  administration  of  the  anesthetic  agents  and 
the  initiation  of  the  irradiation  were  short,  the  pre-irradiation  ocular 
temperature  would  have  been  higher  than  that  in  eyes  of  animals  anesthe¬ 
tized  for  longer  periods  of  time.  This  would  have  resulted  in  a  final 
ocular  temperature  which  was  relatively  higher  than  in' the  latter  group. 
Although  this  latter  mechanism  must  be  considered,  it  probably  is  of  mini¬ 
mal  Importance. 

Electrophoretic  Investigations 

Operation  of  the  electrophoresis  'unit  in  a  refrigerator  at  5°  C  may 
have  prevented  seme  protein  denaturation  by  facilitating  removal  of  heat 
evolved  during  the  separatory  process. 

Maintenance  of  the  lens  homogenate  temperature  above  10°  C  during 


separation  is  said  to  prevent  cold  precipitation  of  y  crystalllns  (Kuck, 
1970a) .  Although  y  crystallir.  is  the  smallest  of  the  crystailins 
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(M .W.,  1.7  x  io4),  it  is  the  least  soluble.  Kuck  states  that  this  low 
solubility  does  not  appear  to  result  from  any  unusual  amino  acid  composi¬ 
tion.  Rather,  he  suggests  that  the  folding  of  the  molecule  may  expose  a. 
relatively  large  number  of  hydrophobic  groups.  This  low  solubility  is 
apparently  decreased  to  a  critical  point  when  the  ambient  temperature  is 
brought  below  10°C.  Although  the  a  crystallins  in  the  sample  might  have 
precipitated  on  application  to  the  strips  (5°C) ,  they  would  have  been 
resolubilized  following  the  heat  on  electrophoresis.  This  reversibility 
of  a  crystallln  insolubility  is  attested  to  by  the  lack  of  material  at  the 
site  of  application  following  electrophoresis.  Furthermore,  young  animals 
can  develop  "cold  cataract"  when  their  bodies  are  cooled  sufficiently .  Cn 
rewarming,  the  cataract  disappears  ani  the  lenses  are  again  transparent. 

This  phenomenon  is  attributed  to  the  relatively  large  percent  of  a  crystal- 
lin  in  young  lenses. 

Identical  patterns  were  produced  on  simultaneous  electrophoretic 

* 

separation  of  soluble  proteins  £hom  pairs  of  eyes  of  unirradiated  ani¬ 
mals.  This  indicated  that  the  separatory  procedures  used  were  reproducible. 
The  electrophoretic  separation  of  soluble  lens  proteins  from  unirradiated 
rabbit  eyes  appeared  identical  to  those  shown  by  Mehta  and  Maisel  (i960). 

There  were  no  differences  in  mobilities  observed  and  in  the  patterns 
produced  on  simultaneous  electrophoretic  separation  of  soluble  lens  pro¬ 
teins  of  irradiated  and  control  eyes  sampled  one  day  post  irradiation. 

This  suggested  that  there  had  not  been  any  immediate  gross  alterations  of 
the  soluble  proteins  on  heating  due  to  irradiation,  at  least,  alterations 
which  grossly  altered  the  electrophoretic  pattern.  Examination  of  the 
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electrophoretic  pattern  of  soluble  proteins  from  lenses  heated  to  60- 
70°  C  for  30  minutes  showed  a  marked  decrease  of  the  mobility  of  all 
crystal lins  (Mehta  and  Maisel,  IS 66).  If  coagulated  insoluble  pro¬ 
teins  were  produced  in  the  lens  on  CO2  irradiation,  however,  it  would 
either  have  been  removed  from  the  supernatant  cn  centrifugation  or  would 
not  have  moved  from  the  site  of  application  on  the  electrophoretic  strip. 

The  electrophoretic  studies  did  not  shed  much  light  on  the  phenome¬ 
non  of  Immediate  lens  indentation  on  heating.  It  appears  that  the  reac¬ 
tion  to  electrophoresis  of  soluble  proteins  from  a  lens  sampled  immediately 
pest  irradiation  was  not  grossly  different  from  that  of  the  control  lens 
material.  Furthermore,  no  difference  was  noted  between  electrophoresis 
of  the  semi-fluid  material  found  beneath  the  lens  capsule  and  that  of 
normal  cortical  material.  A  difference  might  have  been  expected. 

Comparison  of  this  finding  with  the  observation  of  indentations 
following  fixation  with  aldehyde  fixatives  suggests  that  the  heating  may 
have  exposed  side  chains  (e.g.,  amino  groups);  *glutaraldehyde  or  formalde¬ 
hyde  can  react  with  amino  side  groups  and  form  a  cross  linkage  (Pearse, 
I960).  An  increase  in  the  number  of  these  groups  (NH2-R)  might  not  have 
altered  the  electrophoretic  mobility  cf  a  protein  in  the  alkaline  pH 
buffer  used,  pH  8-9,  because  the  amino  groups  'would  not  be  ionized  at 
this  pH. 

Experiments  carried  out  in  an  acid  buffer  might  shew  differences  in 
the  soluble  protein  from  control  and  irradiated  eyes.  These  were  not  done. 

The  heat-induced  indentation  observed  in  unfixed  decapsulated  lenses 
may  have  been  physical  and  not  chemical  in  nature.  It  may  have  been  the 
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result  of  extrusion  of  crystallins  from  the  anterior  terminal  section 
of  lens  fibers ,  or  a  local  removal  of  water  normally  present .  If  a  quan¬ 
tity  of  soluble  protein  was  extruded  posteriorly  within  each  fiber  in  the 
anterior  lens  region  on  localized  heating,  the  ratio  of  lens  fiber  crystal - 
lin  to  lens  fiber  membranes  in  this  "indented"  region  would  have  been 
altered.  This  possible  alteration  of  the  ratio  of  fiber  membranes  to  con¬ 
tents  in  the  heated  area  might  have  been  a  cause  of  the  tinctorial  differ¬ 
ences  observed  between  the  indented  area  and  the  remainder  of  the  fixed 
lens  (as  reported  in  Chapter  III)  following  irmersion  in  acid  orcein. 

Orcein  is  said  (Pearse,  i960)  to  possess  positively  charged  groups  which 
are  necessary  for  its  staining  action.  The  orcein  molecule  is  repulsed 
by  tissue  possessing  a  preponderance  of  positively-charged  side  groups . 
These  groups  may  have  been  exposed  (and  thus  been  more  reactive)  at  the  low 
pH  of  acid  orcein. 

Differences  were  noted  between  the  electrophoretic  patterns  of  solu¬ 
ble  lens  material  obtained  from  control  and  irradiated  eyes  when  they  were 
sampled  two  to  three  days  post  irradiation.  Mobility  of  that  assumed  to 
be  s  and  y  crystallins  were  somewhat  lessened,  whereas,  that  of  a  crys- 
tallin  was  not  grossly  altered.  The  3  and  a  lenticular  protein  groups 
noimally  move  slower  than  a  crystallin.  This  suggests  that  either  there 
were  less  negatively  charged  groups  present  in  the  6  and  a  proteins  or 
that  their  molecular  weights  had  Increased.  According  to  Davson  (1969b) 
and  Spector  (1971),  the  3  and  a  crystallins  normally  contain  a  large 
amount  of  sulfhydryl  groups.  Kinoshita  (1964)  states  that  one  of  the  pur¬ 
poses  of  lens  glutathione  is  to  protect  labile  protein  sulfhydryl  groups 


from  oxidation  to  disulfide  bridges.  A  decreased  concentration  of  QSH 
could  therefore  permit  the  production  of  inter-  and  intra-mole cular 
disulfide  bridges.  The  production  of  these  bridges  would  either  reduce 
the  number  of  ionized  hydrophilic  groups  on  the  protein  surface  or  increase 
the  molecular  weight  of  the  molecules  or  both.  Consequently,  there  may 
have  been  a  relationship  between  the  lessened  mobilities  of  these  protein 
groups  and  the  lower  concentration  of  glutathione  in  the  lens  at  that  time. 

Previous  workers  have  electrophoretically  separated  normal  rabbit 
aqueous  humor  without  performing  paracentesis;  however,  they  were  forced 
to  pool  lots  of  the  liquid  and  then  concentrate  it  prior  to  electrophoretic 
separation.  Moore  (1959)  tabulated  the  comparative  electrophoretic  mobili¬ 
ties  of  both  pooled  aqueous  hunor  and  serun  from  the  rabbit.  They  were 
similar  except  that  no  globulin  was  reportedly  present  in  the  aqueous 
humor  (neither  had  fibrinogen).  The  mobilities  of  each  band  compared 
well  (i.e.,  aqueous  humor  versus  serum).  Also  investigations  discussed 
by  Moore  show  that  the  albumin  concentration  increased  in  aqueous  humor 
following  treatment  with  vasodilators.  This  situation  may  have  occurred 
in  the  eyes  in  this  investigation  following  paracentesis.  Purthemore, 
all  components  of  plasma  proteins  are  present  in  the  aqueous  hunor  during 
acute  ocular  inflaircnation .  Presumably  this  occurred  in  the  irradiated 
eyes . 

Comparison  of  the  patterns  produced  by  the  soluble  lens  proteins 
from  these  irradiated  and  control  eyes  showed  that  although  the  fastest 
bands  of  the  soluble  lens  protein  had  traveled  similar  distances,  the 
slower  protein  bands  from  lenses  of  the  irradiated  eye  had  traveled  notice¬ 
ably  shorter  distances.  The  pattern  produced  by  the  plasmoid  aqueous 
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hunor  appeared  grossly  similar  to  that  produced  by  the  soluble  proteins 
from  the  control  eye  as  well  as  having  the  characteristic  bands  of  blood 
serun  protein.  In  contrast,  the  pattern  produced  by  the  liquid  from  the 
anterior  chamber  of  the  irradiated  eye  did  not  resemble  either  that  of 
plasmoid  aqueous  humor  or  the  soluble  lenticular  material  from  either  eye. 

The  pattern  appeared  to  be  a  composite  of  the  patterns  of  lenticular  pro¬ 
teins  and  the  plasma  proteins  assunedly  present  in  the  aqueous  honor  as  a 
result  of  ocular  inflammation  or  trauma.  This  suggests  that  soluble  pro¬ 
teins  were  leaking  either  into  the  aqueous  humor  through  the  capsule  of 
the  lens  because  of  altered  capsular  permeability,  or  through  a  fissure  in 
the  capsule.  Dische  (1970)  reported  that  the  lens  capsule  contains  gluta¬ 
thione.  Possibly,  the  concentration  of  GSH  in  the  capsule  diminished  along 
with  that  of  the  remainder  of  the  lens.  If  so,  diminution  of  the  GSH  might 
have  increased  the  permeability  of  the  lens  capsule  to  crystallins.  further¬ 
more,  Epstein  and  Kinoshita  (1970)  have  shown  that  a  diminished  concentra¬ 
tion  of  GSH  increases  the  permeability  of  the  lenticular  membranes. 

Ascorbic  Acid  and  Reduced  Glutathione  Determinations 

Ascorbic  acid  in  aqueous  humor 

Sampling  of  aqueous  humor  with  the  Hamilton  microliter  syringe  from 
irradiated  eyes  was  abandoned  because  of  difficulties  in  proper  positioning 
of  the  needle  in  tne  anterior  chamber  with  a  somewhat  opaque  cornea. 

Also,  fibrinogen  in  the  aqueous  humor  of  such  eyes  clogged  the  syringe 
needle.  The  alternate  method  in  which  aqueous  hunor  was  expressed  through 
the  slit  corneas  of  excised  eyes  permitted  acquisition  of  adequate  material 
for  AsA  determinations.  The  consistently  lower  AsA  concentrations  as  well 
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as  the  relatively  large  differences  between  values  measured  in  pairs  of 
control  eyes  (maximun  difference,  243)  indicated  that  this  second  method 
of  sampling  was  not  optimal.  'There* did  not  appear  to  be  an  alternate 
method  readily  available,  however.  Any  of  the  following  factors  could  have 
decreased  the  AsA  concentration  in  the  aqueous  hunor  in  the  control  eye 
obtained  by  expression:  oxidation  of  AsA,  hydrolysis  of  the  lactone  ring 
of  AsA,  as  well  as  uptake  of  the  substance  by  ocular  tissues . 

Enucleation  halted  the  blood  flow  and  thus  the  influx  of  aqueous 
hunor.  There  seemed  to  be  an  associated  decrement  of  aqueous  hunor  efflux, 
as  the  enucleated  eyes  did  not  appear  flaccid  at  the  time  of  sampling. 
Therefore,  the  volume  of  aqueous  hunor  must  not  have  been  decreased  appre¬ 
ciably.  The  quantity  of  AsA  in  the  aqueous  hunor  probably  was  normal  at 
the  time  of  killing  and  enucleation  of  unirradiated  eyes.  Following  enu¬ 
cleation  there  may  have  been  a  certain  percentage  of  the  total  aqueous 
hunor  AsA  which  was  oxidized.  (Adler,  1966,  noted  that  data  from  assays 
of  aqueous  hunor  from  dead  eyes  might  be  viewed  with  suspicion  because  of 
postmortem  changes.)  This  was  probably  minimal  as  the  ocular  temperature 
was  rapidly  reduced  with  ice  following  excision. 

There  may  have  been  a  percentage  of  the  AsA  hydrolyzed  at  the  pH  7.5 
of  normal  rabbit  aqueous  humor  (Davson,  1 969).  Hydrolysis  of  the  lactone 
ring  can  occur  in  an  alkaline  medium  'with  the  resultant  formation  of 
dlketogulonic  acid  (West,  Tcdd,  Mansion  and  van  Snugger. ,  i960).  Further¬ 
more,  there  might  have  been  an  'uptake  of  AsA  by  ocular  tissue  in  the  inter¬ 
val  between  excision  and  sampling;  also  passage  through  and  contact  with 
the  corneal  stroma  may  have  oxidized,  hydrolyzed  or  removed  some  AsA  from 


the  aqueous  hunor.  It  would  be  interesting  to  compare  the  concentrations 
of  aqueous  hunor  AsA  sampled  from  dead  eyes  by  this  (expression)  method 
with  that  sampled  with  a  syringe. 

The  AsA  concentration  in  the  aqueous  humor  was  decreased  in  all 
irradiated  eyes  sampled  in  this  phase  of  the  experiments.  Unfortunately, 
only  a  small  number  of  irradiated  eyes  could  be  sampled  (see  Table  17-1). 
Nevertheless,  the  relative  concentration  of  AsA  in  the  aqueous  hunor  was 
decreased  in  eyes  sampled  at  two  hours  post  irradiation  and  there  was  a 
continual  decrement  in  aqueous  hunor  AsA  sampled  during  the  ensuing  post 
irradiation  period. 

The  decrement  of  aqueous  hunor  AsA  concentration  in  irradiated  eyes 
(compared  with  that  in  control  eyes)  may  have  been  due  to  several  factcrs. 
3oth  the  active  transport  from  ciliary  processes  and  the  diffusion  from 
iris  stroma  into  the  aqueous  hunor  may  have  been  decreased.  The  rate  of 
AsA  oxidation  may  have  increased. 

The  small  concentration  of  plasma  AsA  (1  mg£,  Davson,  19tSa)  is  said 
to  be  actively  concentrated  in  the  ciliary  epitheliun  .  AsA  is  then  con¬ 
sidered  to  be  actively  transported  from  the  epitheliun  of  the  ciliary  pro¬ 
cesses  into  the  aqueous  huncr  at  the  posterior  chamber,  resulting  in  a 
concentration  of  20-30  mg  ;»  in  the  posterior  ''hamper  (ibid.);  a  lesser 
amount  diffuses  from  the  iridial  vasculature.  The  concentration  of  asccrt 
acid  in  the  aqueous  hunor  resulting  from  simple  diffusion  would  probably 
equal  that  cf  the  blood  plasma  i.e.,  1  mgr!  or  approximately  l/20th  of 
that  of  .normal  aqueous  huncr).  Ary  decrement  of  the  blood  flow  to  this 
region  would  be  reflected  by  a  decrement  of  ascorbic  acid  available  for 
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transport;  hence,  a  decreased  transfer  of  ascorbic  acid  into  the  aqueous 
hunor.  Initially  the  blood  flow  was  halted  only  in  the  upper  third  of 
the  iris  and  ciliary  processes  of  irradiated  eyes.  This  effect  of  excess¬ 
ive  heat  and  pressure  on  the  upper  region  of  the  anterior  segnent  of  the 
eye  has  been  discussed.  Secretion  of  ascorbic  acid  from  this  region  is 
dependent  on  blood  flow  (Davson,  1969)  and  therefore  it  must  have  been 
abolished  locally.  Purtheimore ,  if  the  temperature  elevation  in  the 
anterior  segment  of  the  eye  had  been  sufficient  to  abolish  blood  flow  to 
the  superior  region  of  the  iris,  it  is  entirely  possible  that  it  might  have 
also  decreased  the  activity  of  the  transport  mechanism  in  the  grossly 
unaffected  inferior  regions  of  the  iris  and  ciliary  processes.  Therefore, 
Immediately  following  irradiation, the  secretion  of  ascorbic  acid  in  the 
upper  portion  of  the  ciliary  process  may  have  been  abolished  because  of  a 
cessation  of  blood  flow  and  at  the  same  time  the  output  in  the  remaining 
ciliary  process  was  markedly  lessened  because  of  a  thermally  impaired 
secretory  mechanism. 

The  total  blanching  observed  in  eyes  approximately  five  days  pest 
irradiation  has  been  discussed;  this  probably  abolished  any  residual  secre¬ 
tory  activity. 

The  oxidation  rate  of  the  ascorbic  acid  in  the  aqueous  humor  mao,' 
have  increased  following  corneal  irradiation.  There  are  two  causes  which 
may  have  produced  increased  oxidation:  1)  Following  the  sloughing  cf  the 
comeal  stroma  only  Descemet's  membrane  and  the  residual  endothelial  cells 
separated  much  of  the  anterior  chamber  from  the  ambient  air;  this 
could  have  permitted  entrance  of  additional  oxygen  into  the  aqueous  hunor 
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thereby  contributing  to  the  oxidation  of  ascorbic  acid  and  thus  lessen¬ 
ing  its  concentration  in  the  anterior  chamber.  2)  Apparently  ascorbic 
acid  accumulates  in  injured  tissue  shortly  after  the  insult  and  prior  to 
the  production  of  collagen.  This  may  have  reduced  the  concentration  of 
aqueous  hunor  As A.  Gould  (1963)  discussed  the  increased  uptake  of  AsA  by 
injured  tissue. 

Lens  ascorbic  acid  following  CQo  laser  comestl  irradiation 

The  slope  of  AsA  decrements  with  time  in  aqueous  humor  and  in 
lenses  of  irradiated  eyes  appeared  grossly  similar.  The  ascorbic  acid 
concentration  of  the  aqueous  hunor,  however,  was  decreased  immediately 
following  Irradiation,  whereas  the  lenticular  concentration  was  initially 
normal  and  began  to  decrease  after  one  day.  A  similar  lag  period 

in  the  decrement  of  AsA  from  the  lens  in  comparison  to  that  in  the  aqueous 
humor  was  reported  by  Hughes,  Hurley  and  Jones  (1971)  in  investigations 
on  the  scorbutic  guinea  pig. 

Lenticular  ascorbic  acid 

Lenticular  AsA  is  obtained  from  the  aqueous  humor  (Davson,  1969), 
(Kuck,  1970).  In  human  and  other  eyes,  there  is  a  greater  concentration 
of  AsA  in  the  lens  than  in  the  aqueous  hunor.  This  situation  led  van 
Heynigen  (1969)  to  state  that,  "accunulaticn  of  ascorbic  acid  in  the  lens 
of  seme  species  suggests  the  participation  of  an  active  process."  In  the 
rabbit  eye  the  concentration  is  greater  in  the  aqueous  humor  than  in  the 
lens;  in  this  species  the  lens  could  therefore  obtain  its  .AsA  by  simple 
diffusion.  It  is  possible  that  the  CC 2  laser  irradiation  cf  the  cornea  1-. 


this  experiment  altered  the  permeability  of  the  lens  in  such  a  manner 
as  to  depress  the  normal  rate  of  AsA  diffusion  into  the  lens  (Pig. 

IV-10,  Table  IV-1). 

Kinoshita,  Merola,  Dikmak  and  Carpenter  (1966)  reported  a  lentic¬ 
ular  AsA  decrement  following  cataractogenic  microwave  Irradiation. 

Since  their  aqueous  humor  .AsA  concentrations  remained  normal,  one  might 
conclude  that  the  decrement  resulted  from  a  grossly  impaired  lenticular 
AsA  transport  system.  These  results  could  be  explained  on  the  basis  of 
interference  with  a  normal  passive  diffusion  process.  In  several  of  our 
irradiated  eyes,  the  lens  AsA  -was  higher,  at  that  time,  than  the  aqueous 
AsA.  Considerably  more  must  be  known  about  the  metabolism  and  metabolic 
rate  of  AsA  in  rabbit  lenses  in  order  to  decide  as  to  whether  our  data 
(lens  AsA  greater  than  aqueous  AsA)  support  the  possibility  of  an  active 
mechanism  for  AsA  transport  into  the  rabbit  lens,  either  alone  or  In  con¬ 
junction  -with  a  passive  process.  Certainly,  in  most  of  our  normal  and 
control  eyes,  the  aqueous: lens  AsA  ratio  (taking  into  account  cur  slit 
technique)  would  not  be  evidence  for  an  active  process.  However,  based 
on  the  above,  the  possibility  of  a  mechanism  for  active  lens  AsA  trans¬ 
port  deserves  further  consideration. 

Kinoshita,  et  al  (ibid)  reported  that  the  decrement  of  lenticular 
AsA  occurred  13  hours  following  the  irradiation;  the  cataract  did  net 
appear  until  a  week  later.  The  aqueous  humor  .AsA  concentrations  re¬ 
mained  normal  during  this  period,  suggesting  that  the  ciliary  process 
epithelial  secretory  mechanisms  had  not  been  grossly  impaired  by  micro- 
wave  irradiation  at  this  power  density.  Furthermore,  they  reported  that 
lenticular  concentrations  cf  dehydroasccrbic  acid  and  diketcgulonic  acid 
did  not  increase  concomitantly.  They  inferred  from  these  findings  that 
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the  decreased  AsA  concentrations  had  not  resulted  from  increased  lens 
oxidation  of  AsA,  at  least  to  these  aforementioned  products.  The 
relationship  between  a  decrement  of  AsA  and  the  production  of  cataracts 
requires  further  study. 

The  decrement  of  .AsA  observed  in  the  lens  in  our  investigations 
might  not  be  due  only  to  decreased  transport,  active  or  passive,  into 
the  lens,  but  to  increased  utilization  of  the  AsA.  According  to  van 
Heynigen  (1969),  hydrogen  peroxide  produced  in  the  anterior  chamber  or. 
oxidation  of  AsA  by  a  light -catalyzed  reaction  can  readily  diffuse  into 
the  lens.  Normally  the  hydrogen  peroxide  is  reduced  by  lenticular  re¬ 
duced  glutathione  in  the  presence  of  glutathione  peroxidase  (the  activi 
of  catalase  in  the  lens  is  very  low  or  absent ) .  With  a  decrement  of 
lenticular  GSH,  the  rate  of  peroxide  reduction  would  be  lessened.  In 
the  presence  of  AsA  the  hydrogen  peroxide  could  react  with  and  cleave 
unsaturated  lipids  (Hochstein  ani  Ernster,  1964)  which  are  normally  pre 
sent  in  the  lens  ( Xuck ,  1970).  (Presumably,  scat  of  these  unsaturated 
lipids  make  up  the  lens  fiber  membranes . )  This  cleavage  would  result 
in  liquefying  the  lens  constituents  and  a  concomitant  decrement  in  AsA. 
Since  seme  lens  liquefaction  has  been  observed  in  these  experiments, 
this  might  indicate  that  the  above  process  of  increased  AsA  utilization 
should  be  further  considered.  The  liquefaction  produced  in  the  present 
investigation  also  requires  further  investigation.  Whether  these  pro¬ 
cesses  bear  any  relationship  to  the  liquefaction  observed  in  the  early 
stages  of  hypermature  or  Morgagnian  cataracts  described  cy  Ccgar.  (19 62) 
is  speculative. 

Membrane  liquefaction  may  be  related  to  the  anomalous  delayed  whit 
ing  observed  at  the  posterior  of  lenses  following  CC2  laser  irradiation 
the  cornea.  Kuwabara  (1966)  stated  that  microtubules  are  octrr.cn  in  the 
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fibers  of  the  superficial  cortex  at  the  bow  region  of  the  lens.  Although 
his  microphotographs  were  made  from  tissue  from  human  lenses,  it  is 
possible  that  similar  structures  exist  in  the  rabbit  lens  and  that  these 
structures,  like  other  subcellular  organelles,  contain  lipids.  The  dis¬ 
tance  between  the  posterior  portion  of  the  elongating  lens  fiber  and  its 
nuclear  region,  as  well  as  the  distance  of  this  portion  from  the  epi¬ 
thelial  cells  increases  with  time.  It  is  possible  that  certain  necessary 
substances  resulting  from  epithelial  transport  or  from  synthesis  in  the 
nuclear  region  may  reach  the  posterior  of  the  fiber  through  microtubules. 
If  these  pathways  be  lipoprotein  in  nature,  they  might  be  disrupted  by 
excessive  lipid  peroxidation.  Such  a  disruption  night  lessen  the  flow 
of  metabolically  necessary’  substances  to  the  posterior  of  the  affected 
lens  fibers.  Disturbed  metabolism  of  the  lens  may  result  in  decreased 
transparency  ( Duke-Elder ,  1970) .  The  resultant  situation  might  be  analo¬ 
gous  to  axon  degeneration,  distal  to  the  separation  site  of  a  severed 
nerve. 


Lenticular  reduced  glutathione  concentration 
Inspection  of  the  graph  of  GSK  concentration  verus  time  following 
irradiation  (Figure  IV- 11}  shows  a  nonotcnicaily  decreasing  decay  curve. 
Cne  to  two  days  post  irradiation  the  concentration  had  noc  decreased 
greatly;  in  the  ensuing  days,  however ,  the  rate  of  the  concentration 
decrement  increased  markedly,  and  by  the  fifth  to  sixth  day  pest  irradia¬ 
tion  the  concentration  was  nearly  cere . 

The  greater  part  of  this  decrement  may  have  resulted  frem  one  of 
three  mechanisms:  1)  decreased  GSH  synthesis;  2)  diffuse  of  GSH  into  the 
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aqueous  honor;  or  3)  markedly  increased  oxidation  of  glutathione  (GSH  to 
GSSG). 

With  regard  to  decreased  GSH  synthesis,  the  following  is  a  considera¬ 
tion  of  possible  factors  which  might  have  resulted  in  a  decrement .  Aque¬ 
ous  hunor  in  the  anterior  chamber  heated  the  iris  during  CO2  laser  irradia¬ 
tion  of  the  cornea.  It  may  then  have  flowed  through  the  pupillary  aper¬ 
ture  into  the  posterior  chamber  and  heated  the  structures  in  this  area, 
e.g.,  the  ciliary  processes  and  the  lens.  Furthermore,  heat  may  have  been 
conducted  directly  into  the  posterior  chamber.  The  heated  fluid  apparently 
ascended  and  heated  the  superior  portion  of  the  iris,  ciliary  processes  ar.d 
lens  to  a  greater  level  than  the  remainder  of  these  tissues ,  causing  injury 
to  these  regions.  Thus,  the  activity  of  certain  processes  or  mechanisms 
necessary  for  normal  aqueous  hunor  formation  required  for  normal  lenticu¬ 
lar  metabolism  were  apparently  diminished  during  CO2  laser  irradiation  of 
the  cornea. 

According  to  Xuck  (197Gb),  the  output  of  the  normal  ciliary  processes 
provides  the  aqueous  hunor  with  substances  apparently  required  by  the  lens 
for  metabolism,  such  as  amino  acids,  glucose  and  AsA.  The  effects  of  the 
lack  of  blood  flow  to  a  portion  of  these  ciliary  processes  and  the  possible 
impairment  of  transport  mechanism  in  the  remaining  ciliary  processes  has 
been  discussed  in  this  chapter.  Amino  acid  and  glucose  secretion  into  the 
aqueous  hunor  (including  those  amino  acids  necessary  for  GSK  synthesis  in 
the  lens)  may  have  been  similarly  depressed  following  irradiation ;  however, 
they  were  not  assayed  in  this  study. 

Sven  if  the  aqueous  hunor  concentrations  of  the  amino  acids  had  beer, 
adequate,  the  mechanism  for  entrance  of  these  substances  Into  the  injured 
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lens  and  for  GSH  synthesis  may  have  been  depressed  by  thermal  injury. 

Also,  there  may  have  been  thermal  inactivation  of  both  the  lenticular 
enzymes  necessary  for  GSH  synthesis  as  well  as  those  involved  in  the  pro¬ 
duction  of  the  AT?  required  for  the  synthesis  process.  Thermal  inactiva¬ 
tion  of  involved  enzymes  may  have  been  most  marked  in  the  superior  region 
of  the  lens.  If  the  involved  enzymes  of  the  remainder  of  the  outermost 
cortical  regions  of  the  lens  had  not  been  inactivated  during  corneal  irradia¬ 
tion,  at  least  their  activity  might  have  been  lessened.  This  could  have 
greatly  reduced  or  abolished  lenticular  GSH  synthesis  during  CCb  laser 
irradiation  of  the  cornea. 

GSH  itself,  might  be  responsible  for  maintaining  the  integrity  of 
enzyme  systems  necessary  for  GSH  synthesis,  or  for  transport  of  the  amino 
acids  into  the  lens.  The  decreased  concentration  of  lens  GSH  in  time  may 
have  contributed  to  the  demise  of  any  residual  transport  mechanisms  which 
might  have  sustained  lenticular  glutathione  in  the  reduced  state.  Per 
example,  Kinoshita  (196^)  said  that  the  relatively  nigh  lens  concentration 
of  GSK  might  serve  to  maintain  certain  susceptible  sulfhydryl  groups  in 
a  necessary  state  of  reduction.  Sulfhydryl  groups  are  said  to  be  neces¬ 
sary  for  the  activity  of  certain  dehydrogenases  and  ATPases,  which  may  be 
significant  in  seme  aspect  of  GSH  synthesis. 

If  GSH  synthesis  in  the  lens  were  a  simple  first  order  reaction  and 
had  been  completely  abolished  on  irradiation,  and  GSH  degradation  rate 
were  dependent  on  GSH  concentration,  one  might  expect  an  exponential 
decrease  of  GSH  concentration  with  time.  If  the  rate  constant  for  conver¬ 
sion  of  GSH  to  G5SG  had  remained  equal  to  that  in  the  normal  lens,  and 


this  conversion  were  the  major  factor  in  the  removal  of  GSH,  then  the 
rate  constant  would  have  been  equal  to  that  for  GSH  synthesis.  .Rate 
constants  have  been  determined  for  OSH  synthesis  in  the  rabbit  lens, 
but  only  for  a  specific  concentration  of  lenticular  glutathione. 

Kinsey  and  Merriam  (1950)  reported  that  one-half  of  radio-labeled 
glycine  in  GSH  was  replaced  every  29  nours  (rate  constant  of  2.1'/ 
hour).  (The  half  life  may  be  determined  from  the  rate  constant  by 
C  ■  Co  e_ict,  C  »  50%,  Co  •  100*,  k  ■  the  rate  constant  and  t  »  time.) 
Reddy,  KLethi,  and  Kinsey  (1966)  investigated  the  rates  of  incorpora¬ 
tion  of  radio-labeled  glycine  and  of  glutamic  acid  into  GSH  in  lenses 
of  young  rabbits.  They  reported  an  average  turnover  rate  of  1.8*/ 
hour  for  both  glycine  and  glutamic  acid  (half  life  of  approximately 
38  hours).  Although  in  our  investigations  the  GSH  concentration  de¬ 
creased  post  irradiation,  the  decay  curve  did  not  appear  to  be  expo¬ 
nential;  indeed,  it  appeared  to  decrease  most  rapidly  during  the  one 
to  three  day  period.  If  the  normal  rate  of  conversion  (GSH  to  GSSG) 
increased  as  the  GSH  concentration  decreased  during  these  first  three 
days,  a  stoppage  of  synthesis  might  result  in  a  curve  in  the  first 
three  days  similar  to  that  observed.  However,  our  data  is  limited; 
and  we  do  not  think  the  conversion  of  GSH  to  GSSG  increased  'with  de¬ 
crease  in  GSH  concentration. 

With  regard  to  increased  diffusion  of  GSH,  if  we  assume  that  the 
decrement  of  lenticular  GSH  resulted  from  an  increased  permeability  of 
the  lens  to  reduced  GSH,  we  must  assume  that  the  irradiation  markedly 
altered  the  lens  permeability  to  the  tripeptide.  Normally,  (Cole,  1970 
there  is  no  reduced  glutathione  present  in  the  aqueous  humor.  In  the 
present  experiment,  initial  measurements  were  made  in  the  aqueous  humor 
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for  GSH.  None  was  found;  possibly  if  the  assays  were  carried  cut  with  a 
more  sensitive  method  (e.g.,  the  glyoxalase  method),  this  substance  might 
be  found  in  the  aqueous  humor.  Nevertheless,  if  the  permeability  of  the 
lens  to  GSH  were  increased  it  would  cause  a  decrease  in  lenticular  GSH, 
and  also,  it  should  alter  the  ratio  of  lenticular  GSH  to  GSSG. 

Oxidized  glutathione  (GSSG)  can  readily  pass  from  the  lens  into  the 
aqueous  humor.  Srivastava  and  Beutler  (1968)  have  suggested  that  the 
value  of  the  steady  state  concentration  of  GSH  measured  in  the  normal 
lens  probably  exists  in  part  because  of  this  selective  permeability  to 
oxidize  glutathione. 

Assume  that  the  GSH  synthetic  rate  was  'unchanged  following  irradia¬ 
tion,  but  the  rate  of  oxidative  conversion  of  GSH  to  GSSG  increased. 

If  this  were  so,  the  loss  of  GSSG  from  the  lens  would  have  markedly  in¬ 
creased  if  one  assumes  that  the  lens  membranes  were  unchanged  in  their 
permeability  to  GSSG.  Such  conversion  could  have  occurred  because  of 
increase  oxygen  diffusion  into  the  lens.  This  might  have  resulted  fran 
an  increased  oxygen  concentration  in  the  aqueous  humor,  resulting  from 
a  thinning  of  the  irradiated  cornea  several  days  post  irradiation.  Also, 
altered  permeability  of  the  lens  capsule  following  irradiation  might  have 
permitted  an  increased  passage  of  oxygen  frcm  the  aqueous  humor  into  the 
lens.  Furthermore,  a  large  tear  in  the  capsule  would  have  had  a  similar 
effect;  the  degree  of  oxidation  probably  would  have  been  maximal  in  the 
immediately  vicinity  of  the  tear.  Increased  oxidation  of  GSH  would  have 
resulted  in  an  altered  ratio  of  GSH: GSSG  in  the  lens  frcm  a  normal  value 
of  approximately  10:1  (Waley,  1969). 
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The  decrease  in  GSH  concentration  may  have  been  due  in  part  to 
increased  oxidation.  Although  the  slope  of  the  curve  for  GSH  concen¬ 
tration  as  a  function  of  time  in  the  present  investigation  cannot  be 
accurately  determined,  it  appears  that  there  was  a  greater  rate  of 
decrement  of  GSH  in  the  period  after  one  day  post  irradiation.  During 
this  period,  there  was  a  marked  amount  of  contact  between  the  aqueous 
humor  and  the  cortical  material,  as  previously  discussed.  In  a  study 
cited  by  Prince  and  Eglitis  (1964b),  it  'was  reported  that  the  oxygen 
uptake  of  a  lens  markedly  increased  following  capsular  laceration  and 
subsequent  contact  of  the  lens  cortical  material  and  the  surrounding 
aqueous  humor.  The  "equivalent"  of  a  capsular  laceration  may  have  oc¬ 
curred  several  days  following  irradiation.  This  would  have  resulted 
in  a  contact  between  lens  material  and  the  surrounding  aqueous  humor 
and  resulted  in  an  increased  GSH  decrement  rate. 

Five  days  following  CO2  laser  irradiation  of  the  corneas,  the  lens 
GSH  concentration  was  markedly  reduced;  however,  the  GSSG  concentration 
was  also  greatly  lessened.  The  sum  of  GSH  +  GSSG  in  the  lens  from  the 
irradiated  eye  'was  much  less  than  that  of  the  contralateral  control. 

There  was  no  evidence  of  increased  glutathione  oxidation,  as  the  ratio 
of  lenticular  GSSG/GSH  in  the  irradiated  eye  approximately  equaled  that 
of  the  contralateral  control  eye  (both  were  approximately  5%) • 

Inspection  of  the  data  of  the  needled  lenses  suggested  relatively 
unimpaired  GSH  synthesis,  but  an  increased  rate  of  GSSG  production.  As 
there  is  no  reported  synthetic  pathway  for  the  direct  production  of  GSSG 
from  the  component  amino  acids,  the  increased  amount  of  GSSG  in  the  r.eedl 
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lenses  must  have  been  produced  by  the  oxidation  of  GSH.  Although  the 
concentration  of  GSH  +  GSSG  in  the  needled  lenses  approximately  equaled 
that  of  the  contralateral  control  lenses,  the  GSH: GSSG  ratio  had  decreased 
and  was  quite  different  from  that  in  the  control  lenses  (e.g.,  the  percen¬ 
tage  of  total  glutathione  (GSH  +  GSSG)  present  as  GSSG  in  the  needled 
lenses  had  increased  by  50  to  100*  over  that  in  the  control  lenses ) . 

Consequently,  in  the  irradiation  investigations  there  did  not  appear 
to  be  an  increased  conversion  of  GSH  to  GSSG,  whereas,  in  the  needling 
experiments  there  was  an  increased  conversion.  Therefore,  it  appears 
that  the  decrement  in  GSH  observed  in  the  biochemical  determinations 
made  in  the  major  portion  of  the  investigation  (Figure  17-11)  was  not 
mainly  due  to  increased  oxidation.  Furthermore,  it  does  not  appear  that 
it  was  due  to  diffusion  of  GSH  into  the  aqueous  honor.  Therefore,  it 
appears  that  the  decrement  in  GSH  concentration  observed  resulted  mainly 
from  a  decreased  synthetic  rate. 


SUMMARY  AID  CONCLUSIONS 


The  purpose  of  this  thesis  has  been  tr.e  investigation  cf  the  ef¬ 
fects  of  carbon  dioxide  laser  irradiation  of  the  cornea  on  the  anterior 
segrr.er.t  of  the  rabbit  eye.  An  atter.pt  has  beer,  race  to  correlate  tem¬ 
perature  elevations  caused  by  irradiation  with  previously  reported  tis¬ 
sue  changes — both  those  resulting  from  direct  irradiation,  as  well  as 
internal  alterations  apparently  resulting  from  intraocular  temperature 
and  pressure  elevation  caused  by  heat  flowing  from  the  irradiation  site. 
Awareness  of  seme  of  these  findings  should  provide  insigh1"  into  the 
nature  of  injury  occurring  in  an  accidental  exposure  of  the  human  eye 
to  CO2  laser  irradiation.  Furthermore,  the  findings  suggest  that  the 
CO2  laser  can  be  used  as  a  tool  for  the  investigation  of  the  responses 
of  ocular  tissue  to  controlled  surface  heating. 

During  the  primary  phase  of  these  investigations  steady-state  sur¬ 
face  temperature  elevations  were  measured  during  continuous  carbon  dicxi 
laser  irradiations  cf  the  entire  corneal  surfaces  of  adult  rabbits. 

These  measurements  shewed  that  the  maximum  corneal  temperature  ele¬ 
vation  on  continuous  100  mW/cnr  irradiation  averaged  5 • 5°C .  The  average 
maximum  corneal  surface  temperature  elevation  measured  during  irradiatic 
at  a  level  sufficient  to  produce  permanent  injury  (200  m.W/cn*)  was  less 
than  10°C.  Consequently ,  temperature  elevations  of  less  than  10°C  may 
cause  permanent  injury  to  corneal  and  other  ocular  tissues.  The  average 
maximum  corneal  surface  temperature  elevation  at  r.-.'emn  was  less 
than  15°C.  Fine,  3eri*o*w  and  Fine  (i960)  repented  permanent  corneal  alts 
ations  which,  clinically  resembled  human  breed  keratopathy,  on  irradiatic:-. 


156 


157 


at  this  level,  This  fir. air.;  of  alterations  resembling  band  keratc.cn 
following  irradiation  which  produced  temperature  elevations  of  about 
15°C  suggests  that  the  CCo  laser  ray  be  used  to  investigate  some  fac 
tors  affecting  the  development  of  sand  keratopathy,  Furthermore ,  it 
suggests  that  heating  the  rabbit  cornea  tc  a  temperature  of  about 
50°C  may  result  in  an  alteration  resembling  band  keratopathy. 

At  power  density  irradiation  levels  between  20  and  3CQ  mW/cm^ , 
there  appeared  to  be  a  linear  relationship  between  the  steady  state 
aqueous  and  corneal  surface  temperature.  Between  3CQ  and  oOQ  mW/cm^ 
there  was  a  decrease  in  the  rate  of  rise  of  steady  state  aqueous  tern 
perature  relative  to  the  corneal  surface  temperature.  This  occurred 
at  aqueous  temperature  ranges  between  do  and  47  c.  For  aqueous  tem¬ 
peratures  beyond  47 °C,  the  slope  of  aqueous  tc  corr.eal  temperatures 
was  higher  than  in  the  above  intermediate  zone.  The  data  suggest  rh 
there  is  an  active  cooling  mechanism  probably  related  to  the  irid.al 
vasculature  responsible  for  attempting  to  maintain  constancy  of  aque 
ous  temperature,  when  the  aqueous  temperature  rises  above  sC°C.  Fur 
ther  basic  study  of  this  cooling  mechanism  and  its  relationships  tc 
similar  mechanisms  in  other  regions  is  warranted.  .Also,  the  effects 
cf  drugs  on  this  ceding  mechanism  and,  therefore,  its  probable  effe 
on  iridial  bleed  flow  and  possibly  blood  flow  in  other  regions  cculc 
evaluated  using  the  methods  described  ir.  this  tr.es is. 

In  addition,  the  lata  obtained  regarding  she  reintirrsnip  betas 
s^02.ciy  3 “3^ 0  cc,r*r'on*  3 •*-* 
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of  the  eyes  of  rabbits.  This  data  may  permit  estimates  to  be  made  re¬ 
garding  some  thermal  properties  of  the  cornea ,  in  vivo .  Because  of  the 
similarity  In  size  between  human  and  adult  rabbit  eyes,  the  data,  in 
conjunction  with  comeal  surface  temperature  measurements,  might  provide 
some  estimates  of  temperatures  in  the  aqueous  of  human  eyes  exposed  to 
elevated  ambient  temperatures.  Furthermore,  the  data  suggest  that  cor¬ 
neal  surface  temperatures  (in  conjunction  with  tonometer  measurements) 
might  provide  an  indication  of  the  relative  effects  of  drugs  on  the 
iridal  vasculature,  in  studies  on  man. 

The  anterior  chamber  cf  the  eye  may  be  considered  as  a  filled 
compartment,  with  a  possibly  high  resistance  to  inflow  and  outflow. 
Heating  of  the  aqueous  humor  could  result  in  a  concomitant  increase 
of  anterior  chamber  pressure.  Therefore,  in  the  second  phase  of  this 
investigation  simultaneous  anterior  chamber  temperatures  and  pressures 
were  determined  during  corneal  power  density  irradiations  of  threshold 
values  (100  mW/cm^)  and  greater.  Turing  100  mW/cm^  irradiation  the 
intraocular  pressure  did  not  increase  and  the  temperature  of  the  ante¬ 
rior  chamber  Increased  3°C  to  a  new  steady-state  level.  At  irradiation 
levels  of  350  mW/crrm  the  temperature  rose  during  the  Initial  six  minutes 
of  irradiation  to  a  maximum  of  12°C,  and  the  pressure  increased  by  20  mm 
Hg  after  IS  minutes  of  irradiation.  It  is  possible  that  the  aqueous 
humor  flow  rate  was  Increased  at  these  elevated  temperatures  and  pres¬ 
sures.  The  effect  cf  increased  aqueous  temperature  and  intraocular  era¬ 
sure  for  aqueous  turnover  requires  further  investigation. 

Pulsed  6-7  'watt  irradiations  cf  the  center  cf  the  cornea  caused 
transient  aquecus  humor  temperature  and  pressure  elevations.  The 
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maximum  temperature  elevation  occurred  directly  beneath  the  site  of 
corneal  irradiation;  that  is,  along  the  axis  of  the  beam  irradiating 
the  surface.  The  temperature  and  pressure  elevations  were  a  direct 
function  of  the  pulse  duration;  however,  protracted  irradiations  re¬ 
sulted  in  corneal  perforations  with  a  resultant  expulsion  of  heated 
aqueous  humor  and  an  immediately  precipitous  decrease  of  pressure. 

Carbon  dioxide  laser  pulses  at  6-7  'watts  for  1.5  seconds  flattened  the 
cornea  and  caused  concomitant  anterior  chamber  temperature  increases 
of  approximately  25-35°C  and  pressure  elevations  of  approximately  50 
urn  Hg.  Following  enucleation  of  such  eyes  and  subsequent  fixation  in 
giutaraldehyde  or  formalin,  an  unwhitened  indentation  of  the  anterior 
surface  was  observed,  as  has  been  previously  reported.  Examination 
of  eyes  enculeated  and  fixed  following  shorter  irradiation  did  not 
show  such  lens  indentations.  Dissections  of  eyes  enucleated  and  fixed 
following  protracted  irradiation  which  perforated  the  cornea  shewed 
large  whitened  indentations  on  the  anterior  lens  surface.  Consequently, 
suprathresr.old  non-perforating  laser  irradiation  may  result  in  increased 
pressure  as  -well  as  temperature  in  the  anterior  chamber. 

Furthermore,  above  a  certain  level  of  transient  pressure  and  tem¬ 
perature  elevation. in  the  anterior  chamber,  changes  can  be  produced  in 
the  rabbit  lens  which  may  not  be  observed  in  vivo  but  are  evident  only 
following  fixation  in  media  such  as  giutaraldehyde  or  formalin  as  an 
_owr.iter.ed  indentation. 

"he  actual  site  of  the  injury  responsible  for  the  unwhiter.ed  i n- 
zooer.-eo  on  fixation  has  r.oc  been  determined.  Cur  studies 

• 


of  injury  may,  in  part,  be  in  the 
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Our  results  also  show  that  the  temperature  and  pressure  elevation  ob¬ 
served  in  the  anterior  chamber  is  not  necessarily  due  to  heating  of 
the  aqueous  itself,  but  is,  in  part,  associated  with  corneal  flattening, 
which  apparently  results  when  the  comeal  stroma  is  heated  to  a  crit¬ 
ical  shrinkage  temperature  (60-70°C).  During  this  transient  flattening, 
injury  to  the  iris  may  also  occur. 

Therefore,  in  the  event  of  accidental  suprathreshcld  CC2  injury  cf 
the  eye  in  man,  attention  must  be  directed  to  the  lens  and  iris  as  well 
as  to  the  cornea — the  site  of  absorption  of  the  irradiation. 

Changes  in  the  protein  concentration  of  the  aqueous  humor  were 
measured  in  conjunction  with  the  above  anterior  chamber  temperature  and 
pressure  investigations.  On  irradiation  of  the  cornea  anterior  to  the 
iris,  the  anterior  chamber  became  a  deep  blue  following  previous  intra¬ 
venous  injections  of  Evans  blue.  Only  slight  coloration  of  the  aqueous 
was  observed  following  focused  irradiation  of  the  cornea  over  the  center 
of  the  well-dilated  pupil.  On  spectroscopic  determination  of  aqueous 
protein,  the  concentration  was  maximum  following  irradiation  over  the 
center  of  the  iris.  Consequently,  suprathreshold  CO2  laser  or  thermal 
irradiation  cf  the  cornea  over  the  iris  region  can  cause  Injury  to  the 
iridlai  vasculature. 

The  third  phase  of  these  studies  was  carried  cut  in  an  attempt  to 
determine  the  site  of  lens  injury  discussed  above  and  to  measure  some 
possible  lens  biochemical  charges  which  might  occur  or.  suprathreshold 
CO2  laser  irradiation.  Irradiation  (1.5  watts,  3  mm  diameter  area, 

90  seconds)  of  the  cornea  cf  the  weanling  albino  rabbit  caused  a  clouding 
and  temporary  flattening  of  the  cornea,  2  permanent  blanching  of  the 
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superior  region  of  the  irides  and  a  faint  clouding  of  the  lens.  In 
several  hours  the  curvature  of  the  cornea  had  returned  to  apparent 
normalcy;  hcv/ever,  the  transparency  of  the  cornea  had  decreased.  The 
mid-anterior  surface  of  the  cornea  sloughed  off  during  the  following 
days;  the  greater  thickness  of  the  comeal  stroma  was  lost  in  this 
process.  Nevertheless,  there  was  sane  fluid  in  the  anterior  chamber; 
apparently  Descemet's  membrane  was  intact.  The  superior  region  of  the 
irides  and  attached  ciliary  processes  remained  blanched;  four  or  more 
days  post  irradiation  the  remainder  of  the  iridial  tissues  became 
blanched. 

Several  days  post  irradiation  the  lenses  shewed  regions  of  sub- 
capsular  liquefaction  and  seme  whitening  of  the  superior  half  of  the 
posterior  region.  On  dissection,  the  lens  capsule  spontaneously  sepa¬ 
rated  from  the  cortex.  Six  days  post  irradiation  the  remaining  lens 
material  was  whitened. 

Initially,  following  CO2  laser  irradiation  of  the  corneas  of  these 
weanling  rabbits ,  there  was  no  observable  difference  in  the  electro¬ 
phoretic  pattern  cf  the  lenticular  material  from  irradiated  and  contra¬ 
lateral  control  eyes.  Three  or  four  days  following  irradiation,  how¬ 
ever,  the  electrophoretic  patterns  of  the  lenticular  proteins  differed 
from  that  of  the  controls.  The  pattern  produced  by  the  cry s tallies 
from  the  irradiated  eyes  shewed  lessened  mobilities  when  compared  wit.-, 
that  of  the  contralateral  control  eyes .  The  greatest  decrement  was 
obser'/ed  in  the  3  and  a  crystal  lie  groups.  The  mobility  of  the  a  crys¬ 
talline  was  either  grossly  unchanged  or  only  slightly  decreased. 
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Although  lens  indentations  can  be  demonstrated  on  fixation  immedi¬ 
ately  following  irradiation,  there  was  no  observable  alteration  in  the 
electrophoretic  pattern  of  lenticular  material  at  that  time.  Conse¬ 
quently,  although  we  do  think  that  there  may  ce  immediate  injury  to 
the  lens  fibers,  we  were  not  able  to  show  this  by  electrophoresis. 

A  more  sensitive  method  of  determining  subtle  alterations  of  soluble 
proteins  might  be  necessary  to  assess  this  limediately  change  of  the 
lens  in  response  to  heating. 

The  weights  of  the  lenses  were  essentially  identical  for  the  first 
five  days  following  irradiation.  It  is  possible  that  the  protein  con¬ 
tent  of  the  lenses  may  have  decreased  and  this  was  counterbalanced  by 
an  increased  water  content.  During  the  next  day,  the  comparative  weigh 
of  the  lenses  from  irradiated  eyes  decreased  markedly.  The  capsule 
spontaneously  separated  from  the  remainder  of  the  lens  at  about  3  to 
5  days.  The  decrease  in  lens  weight  occurred  at  a  time  coincident  with 
or  following  the  observation  (by  electrophoresis)  of  lenticular  protein 
in  the  aqueous  humor.  Possibly,  more  sensitive  methods  may  have  shewn 
the  presence  of  lens  protein  in  the  aqueous  humor  previous  to  four  days 
The  presence  of  lens  protein  In  the  aqueous  suggests  that  thermal  Injur 
may  alter  lens  permeability  and  also  result  in  release  of  lens  protein, 
possibly  associated  with  a  capsular  tear;  ar.  Lsrmur.e  reaction  may  result 

During  the  first  day  pest  irradiation,  she  concentration  of  both 
ascorbic  acid  (AsA)  and  reduced  glutathione  (1-SH)  in  the  lenses  of 

irradiated  eyes  did  net  appear  to  be  altered.  The  concentrations  de- 

* 

creased  by  three  days  following  irradiation.  The  decrement  of  the  AsA 
and  the  GSH  appeared  nearly  identical;  by  six  days  pest  irradiation, 
the  concentrations  were  low. 
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APPEIDH  1 


THE  CAR3CM  DIOXIDE  LASER 


Figure  A— I-I  is  a  s inclined  diagrammatic  representation  cf  the 
laser  set-up  and  its  associated  gas  supply,  vacuum  system,  electrical 
circuitry,  cooling  system  and  electrically  activated  shutters.  A  dia¬ 
gram  of  the  laser  is  shown  in  Figure  A-l-1. 

It  consists  of  an  BO  centimeter  long  double- walled ,  'water-cooled 
glass  tube  with  a  2  centimeter  inside  diameter  fitted  with  ground  gias 
connectors  at  either  end.  id  ting  end  pieces  were  cut  at  the  Brewster 
angle  for  sodium  chloride  at  10. Su.  These  sodium  flats  were  2  inches 
in  diameter  and  1/d  inch  thick  ard  had  optically  flat  parallel  faces. 
The  latter  were  connected  to  the  Erewster  angle  faces  of  the  connector 
with  Dow  Corning  clear  silicone  rubber  cement,  when  the  laser  was  not 
in  use,  the  flats  'were  kept  clean  and  dry  by  enclosing  them  in  plastic 
bags  heated  with  60  watt  bulbs  5  inches  distant.  The  high  voltage  els' 
trodes  were  sealed  into  the  end  pieces  perpendicular  to  the  tube  axis . 
Power  was  supplied  to  these  electrodes  from  the  power  transformer 
(Jefferson  Luminous  Tube  high  power  factor  transformer;  120  volts  a.c. 
input,  15,000  7  output).  The  output  power  was  adjusted  by  means  cf  a 
Variac  in  the  transformer  primary  circuit.  The  elec  erodes  were  air 
cooled  during  operation  with  two  fans  (Tuff in  Pans,  1-V.:,  1207,  Dorter. 
Mfg.  Co.,  '.'.'ccdstock,  Dew  Fork). 
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maintained  ir.  the  plasma  tube  by  means  of  a  vacuum  cumt 
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3  High  Vacuum  pure,  Kinney  Vacuum  Livisio.n,  .'ew  York  5r ake  Co.,  Boston, 
Mass.).  The  vacuum  pump  was  connected  to  the  laser  cavity  'ey  means  of 
1  1/2”  o.d.  T^gon  tubing;  a  pressure  gauge  and  a  needle  valve  in  the 
line  permitted  pressure  adjustments. 

The  chamber  was  cooled  during  operation  by  cold  running  tap  water 
which  was  circulated  through  the  water  jacket  surrounding  the  plasma 
chamber;  the  inflow  and  efflux  connections  were  made  with  Tygcn  tubing. 

The  laser  cavity  was  formed  by  a  100T  reflecting  gold  coated  sur¬ 
face  mirror  with  a  4.7  meter  radius  of  curvature  and  a  flat  germanium 
reflective  (55*)  disc  as  the  coupling  reflector.  The  two  reflectors 
were  1.5  meters  apart  and  were  mounted  in  adjustable  mirror  mounts 
(Lansing  Model  GD-253  Mirror  mounts).  As  the  laser  tube  was  physically 
separate  from  the  end  windows,  the  sodium  flats  ccule  readily  be  re¬ 
placed  as  needed.  Also,  shutters  for  the  control  of  the  pulse  length 
were  readily  inserted  into  the  cavity.  The  shutters  were  operated  by 
rotary  solenoids  (Ledex)  connected  to  a  suitable  energizing  source. 

The  pulse  length  was  adjusted  by  varying  the  capacitance  of  the 
circuit  triggering  the  shutter  solenoids.  The  pulse  was  calibrated  as 
follows:  the  laser  rear  cavity  reflector  window  was  removed  and  the 
beam  from  a  helium-neon  laser  was  directed  along  the  axis  of  the  cavity. 


A  photocell  was  situated  so  the  beam  impinged  on  its  light-sensitive 
surface;  the  output  of  the  photocell  was  monitored  on  an  oscilloscope 


with  a  calibrated  time  sweep,  'with  this  arrangement  the  total  capaci¬ 
tance  in  tr.e  circuit  could  be  adjusted  sc  that  the  triggering  of  the 
circuit  would  result  in  the  pulse  length  desired. 
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The  laser  was  readily  aliened  by  use  of  one  heiiur.-necn  laser 
fitted  with  a  pin-ncle  aperture.  'The  beam  was  directed  through  the 
center  of  the  .'!aCl  flat  and  along  the  axis  of  the  plasma  face  follow! 
removal  of  the  rear  .mirror  (gold  coated  front  surface  mirror ) .  The 
HSilw  bS3TTl  luTlp j_Ti^ 3C.  cp.  bps  oT  6  QPfl  T//i  Pf! 

which  reflected  the  beam.  The  germanium  mdrror  •.■/as  then  adjusted  by 
means  of  the  mirror  mounts  ’until  the  Impinging  beam  was  normal  to  the 
surface  and  was  reflected  onto  the  pinhole  aperture.  The  rear  mirror 
was  then  replaced  without  altering  the  Hei’e  laser's  position,  and 
adjusted  by  means  of  mirror  mounts  until  the  impinging  beam  was  norma 
to  the  flat  rear  surface.  This  was  sufficiently  accurate  to  provide 
initial  alignment. 

The  CO2  laser  beam  was  observed  on  Thermofax  paper.  The  power 
detector  (Coherent  radiation  .'-‘odel  201)  was  positioned  sc  the  output 


beam  impinged  or.  the  center  of  its  sensing  element.  The  laser  'was 
tuned  for  maximum  power  output  by  varyi-.g  the  voltage  of  the  trans¬ 


former  primary  and  adjusting  the  gas  flew  and  pressure  and  fine  tu.ni.n_ 


the  end  window. 
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APPENDED  2 


METHOD  FOR  THE  ELECTROPHORETIC  SEPARATEE OF  CXTJLAR  PROTECTS 
(Modified  from  Testa  et  al,  1963) 

The  rabbit  lenses  were  removed  as  described  previously  and  hcmcg- 
enioed  in  3-0  ml  of  Trio  buffer  1C~2M  pK  7.6  containing  HETA  1Q"-M  at 
room  temperature.  The  homogenates  were  centrifuged  at  23,000  x  g 
(gravity)  for  60  minutes  at  10°C  ( Beckman  L  2  ultracentrifuge)  in  the 
50  head  at  22,300  rpn.  Ten  lamda  of  the  23,000  *  g  supernatant  or  of 
the  aqueous  humor  were  applied  4  centimeters  from  the  end  of  a  labeled 
strip  of  cellulose  polyacetate  (Sephraphore  III,  1*6  inch  strips). 
These  strips  had  previously  been  Immersed  for  24  hours  in  the  electro¬ 
phoresis  buffer  (C-eiman  high  resolution  buffer  Mo.  51135-Tris  Barbital 
pH  3.8,  ionic  strength  0.03).  For  sample  application  the  cellulose 
poiyacetate  strips  were  aligned  on  sections  of  filter  paper. 

Samples  from  the  same  animal  (lens  and  aqueous  humor  from  control 
and  irradiated  eyes)  were  always  run  simultaneously ;  following  sample- 
application  near  or.e  end,  the  strips  were  aligned  in  the  Telman  electr 
phoresis  chambers  sc  that  each  end  was  equally  imr.ersed  in  the  buffer 
solution  and  all  strips  were  parallel.  The  sample  ends  were  Imr.ersed 
in  the  cathodic  buffer  reservoir.  The  electrophoresis  units  were  main 
tained  and  operated  in  a  laboratory  refrigerator  at  3°C .  After  the 
strips  were  in  place  and  the  unit  covered,  350  volts  of  potential  were 
applied  across  the  strips  for  60  minutes  (3  -  mA  13'.  Ac  the  end  of 
the  60  minutes  the  voltage  was  removed,  cue  strips  '..ere  taler,  from,  one 
electrophoresis  'unit  and  floated,  c.nen  submerged  in  a  fixing  stain  for 
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10  minutes  ;=ec xmar.  fixative  dye  soluticr.  Ponceau  3  0.5  gm  TCA  and  7o 
sulfcsaiicyiic  acid  in  250  ml  of  distilled  water).  Tr.e  strips  were 
removed  from  tr.e  staining  solution  and  the  excess  stain  removed  by  serial 
passage  tnrougn  5'’  acetic  acid  solution.  Tr.e  strips  were  aligned  and  the 
ends  taped  to  a  sheet  of  heavy  filter  caper;  then  the  distance  between 
the  point  of  application  (origin)  and  the  bands  measured  and  compared. 


APPENDE  2 


ASCORBIC  ACID  CETErCII! IA.TIC* : 

Visual  Method  of  Hoe  (1954) 

Sodiun  2 ,5-dichlcrophenolindcphenoi  (DC?)  is  blue  ir.  alkaline  media 
and  pink  in  acid.  Reduction  of  DC?  results  in  a  colorless  leuco  form. 

The  XP  is  reduced  by  the  ascorbic  acid  in  the  solution — the  ascorbic 
acid  being  oxidized.  When  the  ascorbic  acid  is  used  up,  the  solution 
turns  pink  in  the  acid  medium. 

Reagents 

The  reagents  for  this  assay  procedure  were  prepared  as  follows. 

The  X?  solution  was  made  by  dissolving  50  milligrams  of  Sodium  2,5- 
dichlcrcphenolindophenol  with  gentle  warning  in  150  ml  of  glass  dis¬ 
tilled  water;  42  mg  of  sodium  bicarbonate  was  added  and  dissolved. 

After  cooling,  the  solution  was  decanted  into  a  volumetric  flask  and 
the  final  volume  adjusted  to  200  ml.  Thus  solution  was  maintained  in 
a  light  resistant  sealed  glass  container  at  5°C;  the  unused  portion  was 
discarded  after  one  week.  The  ascorbic  acid  solution  (AsA)  was  made  by 
dissolving  50  mg  of  ascorbic  acid  (Fisher  reagent)  in  100  ml  volumetric 
flask  with  5.0  Trichloracetic  Acid  (TCA)  (100  mi  final  volume).  A  2.0 
ml  aliquot  of  this  solution  was  diluted  with  sufficient  55  TCA  so  a  final 
volume  of  ICC  ml  (standard  AsA  solution).  The  solutions  were  prepared 
prior  to  each  determination  and  were  maintained  in  light  resistant  capped 
glass  containers  in  crushed  ice. 


Ascorbic  Acid  Dtardard  Curve 


The  standard  curve  'was  mace  us  mm  the 
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Ascorbic  Acid  Determinations 

For  ascorbic  acid  determinations  eitr.er  "he  total  deprcteirized  uuoer- 
natant  from  toe  aqueous  humor,  or  1.5  bo  2.3  ml  of  she  lens  homogenate 
acid  filtrate  was  used.  The  final  volume  of  either  '/as  adjusted  to  2-1 
ml.  The  diluted  aliquot  was  titrated  as  described  ir.  the  assay  procedure 
and  the  ascorbic  acid  content  (Y)  determined  from  the  standard  curve. 


CSH  by  a  spec troche tome trie  method.  Alec,  the  spec trcchot erne trie  tech¬ 
nique  for  As A  required  rapid  manipulations  between  the  initiation  of  re¬ 
action  and  the  optical  density  determination.  Therefore ,  this  method 
was  not  employed  in  this  study. 

Determination  of  ascorbic  acid  'ey  the  visual  titration  method  was 
simple;  500 d  reproducibility  was  obtained  after  one  had  performed  re¬ 
peated  assays  of  known  amount  of  the  compound  prior  to  each  assay  series, 
In  this  manner  the  eye  of  the  investigator  performing  the  titrations  was 
attuned  to  the  development  of  the  same  hue  or  tint  as  an  end  point. 

DC?  (2,6-dichloropher.clindopher.ol)  is  not  a  specific  determinant 
for  ascorbic  acid  as  it  can  be  reduced  by  other  oxidizable  groups  (Fee 
155*0.  For  example,  suifhydryi  groups  (present  in  seme  amino  acids  and 
proteins)  can  be  oxidise i  by  DC?;  however ,  in  the  presence  of  relatively 
large  hydrogen  ion  concentrations  (pH  less  than  -),  the  rate  of  oxidatie: 


is  very  slew  and  is  slight  if  the  titrations  are  done  rapidly.  Ihe  assa; 


of  ocular  material  in  this  study  eliminated  the  main  source  of  error,  as 
the  assays  were  performed  on  trichloroacetic  acid  (1C A)  filtrates.  Chess 
filtrates  were  essentially  protein  free  and  had  large  hydrogen  ion  cor.ce: 
tratiens  (pH  less  than  3).  Therefore,  rapid  titrations  of  samples  per- 
in  r03r*2.y  crc^win  3.0  ici  ino  0271*6 


APPENDIX  4 


ASSAY  PROCEDURE  FOR  REDUCED  GLUTATHICI  IE 
by  the  method  of  Grunert  and  Phillips  (1951) 

In  this  method,  glutathione  (GSH)  and  nitroprusside  (HP)  react 
forming  a  complex  which  is  rose-colored  in  an  alkaline  medium;  the 
presence  of  cyanide  stabilizes  the  complex  and  retards  fading  of  the 
color.  The  absorbance  of  the  reaction  product  at  520  m  is  a  function 
of  its  GSH  content.  The  method  used  was  modified  by  utilizing  a  satu¬ 
rated  solution  of  sodium  chloride  in  place  of  solid  sodium  c.nloride  as 
specified  by  Grunert  and  Phillips.  Furthermore,  proportionately  smaller 
volumes  of  all  reagents  were  used  because  of  smaller  6ml)  cuvettes 
used. 

The  following  reagents  were  prepared: 

GSH  Stock  Solution 

Glutathione  (signa  grade  B,  lot  788-0604)  SOmg 

Distilled  water  to  100ml 

GSH  Working  Solution 

GSH  stock  solution  plus  103  TCA  1:1 
103  Trichloroacetic  acid  (TCA) 

53  TCA  solution  (103  TCA  in  distilled  water  1:1) 

Saturated  MaCl  (at  room  temperature)  (S3  Ha.Cl) 

23  'IP  solution 

Sodium  nitroprusside  crystals  lgn 

Glass  distilled  water  to  50ml 
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CM  solution  Q. 3577 


NaCM 

375rng 

'T'd^O 

18. 6g 

Glass  distilled  water  to 

lC'Oml 

The  GSH  stock  solution  was  prepared  immediately  prior  to  assay  and  kept 
in  a  brcwn  bottle  covered  with  aluminum  foil  and  placed  in  crushed  ice. 

The  IIP  solution  was  also  kept  in  darkened  bottles  and  placed  in  the 
refrigerator  at  5°C.  The  CM  solution  was  kept  in  a  polyethylene  bottle 
at  5°C. 


Preparation  of  a  Standard  Curve  for  GSH 


GSH 

(working  sol.) 

5STCA 

h2o 

SS  MaCl 

:t? 

cm 

Designation 

0.0 

0.4 

1.6 

3-0 

0.5 

0.5 

Blank 

0.1 

0.3 

1.6 

3.0 

0.5 

0.5 

30  yG  GSH 

0.2 

0.2 

1.6 

3-0 

0.5 

0.5 

60  uG  GSH 

0.3 

0.1 

1.6 

3.0 

0.5 

0.5 

90  uG  GSH 

0.4 

0.0 

1.6 

3.0 

0.5 

0.5 

120  uG  GSH 

The  GSH  and  57 

TCA  were 

allowed  to  stand 

at  room  temperature  with 

3.0  ml  of  SS  .'all  f. 

:r  10  minutes. 

Then  1.6  mil  of 

water 

was  added,  followed 

by  additions  of  0.5 

r»)  I  03.  Cw 

of  nit 

reprusside 

(M?) 

and  c’j 

•anide  (CM)  sola- 
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is  in  optical  density  at  520  nm  and  the  abscissa  is  graduated  in  micro- 
grams  of  OSH.  Each  point  on  the  curve  is  the  average  value  of  several 
routine  determinations;  the  error  'oars  represent  one  standard  deviation. 
In  this  graph  a  straight  line  was  fitted  by  eye  through  the  origin  and 
the  average  values;  a  statistical  fit  was  not  obtained. 

The  GSH  values  obtained  in  each  group  of  determinations  were  ob¬ 
tained  from  the  standard  curve  prepared  for  that  day;  each  of  these 
standard  curves  appeared  to  be  linear  and  passed  through  the  origin. 

GSH  Determinations 

For  determination  of  lenticular  GSH,  0.4  ml  of  the  TCA  filtrate 
of  the  lens  homogenate  ’was  allowed  to  stand  at  room  temperature  with 
3.0  ml  of  SS  MaCl.  Then  1.6  ml  of  distilled  water  was  added  followed 
by  additions  of  0.5  ml  each  of  HP  and  CN  solutions.  The  mixture  was 
capped  with  Parafilm,  mixed  by  inversion  and  the  resultant  optical 
density  determined  at  520  ran  on  a  Spectrcnic  20  or  a  Spectroric  600 
spectrophotometer . 

The  quantity  of  GSH  in  the  total  lens  (3.0  ml  of  lens  homogenate) 
was  determined  by  multiplying  the  quantity  of  GSH  obtained  from  the 
above  by  3.0  ml/0.4  ml.  The  concentration  was  then  determined  by  di¬ 
viding  this  latter  value  by  the  lens  weight. 


APPENDIX  5 


OXIDIZED  GLuTATHICIE  (GSSG)  DETEHMDATICM 

Determination  of  GSSG  was  made  by  spec trophctcmetri sally  deter¬ 
mining  the  decrement  of  M.ADFH2  at  3^0  nm  resulting  from  the  reaction: 


GSSG  +  NADPH2  GSH  ^  2  GSH  +  MADP. 
reductase 


The  amount  of  GSSG  in  the  reaction  is  a  function  of  the  decreased  amour, 
of  liADFKo.  (At  3^0  nm  NADPH2  absorbs  strongly,  whereas  MAD?  does  net.) 
The  procedure  used  in  this  study  -was  a  modification  of  the  procedure  of 
Bergneyer  ( 196  3 ) . 

Bergnsyer  suggested  determination  of  total  GSSG  in  micrograns  (pg) 
in  the  reaction  by  the  formula: 


GSSG 


O.D_,.n  (reaction  volume  in  ml)  (612) 
3q°12min 


6.2 


t 


O.Doiin  is  the  decrement  in  cDtical  density  at  3^G  nm  during  the 

{  3a°12min 

initial  12  minutes  of  reaction,  612  is  the  molecular  weight  of  GSSG  and 
6.2  is  the  extinction  coefficient  (actually  5.2  *  10“  cm~/mol)j. 

In  this  investigation  the  method  was  modified  in  two  ways :  The 
0*“1340i2niin  VaS  Plotted  versU3  uG  c-  GSSG  to  create  a  standard  curve, 
and  M-e t hy Lmale imide  was  added  to  the  reaction  to  prevent  oxidation  of 
existing  GSH  'which  could  result  in  a  false  high  reading. 
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GSSG  Standard  Curve 

The  reagents  requried  for  this  assay  were:  (1)  Buffer  (3)  con- 
slsting  of  M/10  phosphate  buffer  pH  7-6  plus  10“  Sodium-ethylene- 
diaminetetracetate  (HFTA);  (2)  Albumin  (ALB) — Bovine  serum  albumin  1!) 
in  Buffer  (3);  (3)  Oxidised  glutathione  (GSSG)  (Calbicchem  Grade  3 
crystals — lot  000567) — 80  mg  in  100  ml  water  diluted  1:10  with  buffer 
(3).  These  solutions  were  made  fresh  prior  to  each  series  of  deter¬ 
minations.  (*0  M-ethy Lmaleimide  (NETT) — (Calbicchem  3  grade  No.  3^115) 
15  mg — dissolved  in  100  ml  of  3uffer  (B).  (5)  IJADP^  (tetra  sodium 

salt  of  NADPHj — Signa)  10  mg  in  2  ml  of  5%  sodium  bicarbonate  was  main¬ 
tained  in  light  resistant  capped  glass  vials — frozen  between  assays. 

(5)  Glutathione  reductase  (Calbiochen  Grade  A  lot  93^093)  440  interna¬ 
tional  units  (FJ)  diluted  to  60  FJ  with  3M  'urea.  The  enzyme  was  de¬ 
livered  to  the  reaction  mixture  from  a  20  uL  Lang  Levy  pipette. 

The  entire  reaction  was  carried  out  in  a  standard  quartz  cuvette 
(1  cm  light  path). 


Standard  Curve 


A  blank  was  prepared  as  follows :  2.0  ml  of  Buffer  (B),  0.15  ml  of 

1*  albumin  solution,  1.0  ml  of  GSSG  solution,  0.1  ml  of  .'31  and  20  lambda 
(uL)  of  diluted  enzyme.  The  cuvette  was  capped  with  Parafilm  and  mixed 
by  inversion.  In  determination  cf  the  CD  decrement  resulting  fran  differ¬ 
ent  quantities  of  GSSG,  identical  volumes  were  used  as  for  the  blank;  hcu- 
ever,  0.0^0  ml  of  HADFH2  solution  was  added.  1  ml  of  GSSG  solution  con¬ 
tained  30  micrograms  of  GSSG.  When  lesser  volumes  of  GSSG  (e.g.,  equiva¬ 


lent  to  40,20  or  10  yg)  were  used,  the  volume  was  adjusted  co  1.0  ml  ..1c  '. 


buffer  (B).  A  standard  curve  •was  made  by  olcttirm  tn.e 


'“340 


12min 
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uG  of  GSSG.  This  standard  curve  was  compared  with  that  obtained  by  the 
use  of  Ser  greyer ’ s  formula  given  above.  The  cuvettes  were  rinsed  with 
concentrated  nitric  acid  between  determinations ,  then  rinsed  with  glass 
distilled  'water — this  removed  all  residual  enzyme. 

Figure  A-5-1  shows  the  optical  density  as  a  function  of  time  for 
various  amounts  of  GSSG. 

Figure  A-5-2  is  a  standard  curve  for  oxidized  glutathione.  The 
ordinate  is  graduated  in  units  of  CD  3^0/12  (the  decrement  of  optical 
density  at  3^0  during  the  initial  12  minutes  of  reaction),  the  abscissa, 
in  micrograms  of  GSSG.  The  standard  curve  was  quite  linear  and  was  repro¬ 
ducible  when  freshly  diluted  enzyme  was  used.  For  example,  the  resultant 
decrement  in  optical  density  during  the  initial  12  minutes  of  reaction 
versus  micrograms  of  oxidized  glutathione  were  3.215  versus  30  ug;  0.10 
versus  Go  ug;  and  0.058  versus  20  ug. 

Values  obtained  several  days  following  dilution  of  the  enzyme  were 
lower,  but  still  quite  linear  (e.g.,  CD  3U0/12  versus  ug  GSSG:  0.130 
versus  30;  0.091  versus  GO;  and  0.037  versus  20). 

Bergr.eyer  stated  that  one  could  not  utilize  equation  (1)  for  the 
determination  of  GSSG  'unless  the  reaction  had  gone  to  completion  during 
the  assay  time  interval .  The  slope  of  the  reaction  rate  at  12  minutes 
as  plotted  in  Figure  A-5-2  indicated  that  the  reactions  were  incomplete. 

Two  curves  for  CD  3GC/12  versus  weight  of  GSSG  are  plotted  in 
Figure  A—  5—  3 -  The  ordinate  and  abscissa  are  identical  wish  these  in 
Figure  A-5-2  (CD  3aC/12  and  micro grams  GSSG,  respectively).  The  lower 


rurve  ic  the  standard  curve  for 


A-5-2'.  The  uccer  curv* 


resulted  from  plotting  the  2D  3aO/12  versus  the  weigr.t  of  GSSG  determined 
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by  the  use  of  the  equation.  The  CD  3^0/12  versus  the  indicated  weight 
of  GSSG  were  0.215  versus  56  ug;  0.108  versus  35  ug;  and  0.053  versus 
13.6  ug,  respectively. 

GSSG  Determinations 

The  0.5  ml  aliquot  of  the  TCA  lens  homogenate  filtrate  -was  r.eutra 
izsd  with  0.15  ml  of  LM  sodium  carbonate.  The  pH  was  checked  with  phy 
paper.  The  volume  of  the  neutralized  aliquot  was  adjusted  to  3-G  ml  w 
Buffer  (3).  0.1  ml  of  NEM  was  added,  then  0.15  ml  of  .Alb  0.0^0  ml  of 

MADFro  solution,  and  a  final  0.020  ml  of  enzyme  dilution.  The  cuvette 
was  capped  with  a  section  of  Farafilm,  mixed  by  inversion  and  the  init 
optical  density  determined  at  3^0  nm  against  the  blank.  The  optical 
density  was  measured  at  12  minutes,  the  GSSG  was  determined  from  curv 
A-5-2 .  The  amount  of  GSSG  in  the  lens  was  six  times  this  value,  as  th 
original  lens  homogenate  volume  was  3  ml. 


is  reaction  rates 5  as  i8terni.reci  c v  tits  iecrsrr.ert  c**'  cct^ca!.  i: 


at  3^0  rr.  (CD^q),  were  a  function  of  substrate  ) GSSG )  concentration. 
Figure  A-5-1  is  a  plot  of  the  reaction  rates  of  1.5  T.'J.  ( Internet icna 
Units)  of  purified  yeast  glutathione  reductase  (GSH  reductase)  in  the 


presence  of  6  *  10  C-!  '.'AD PH; ,  for  various  cone 
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reaction  was  carried  cut  Tor  12  minutes  as  specified  'ey  Bergneyer.  If 
the  reaction  were  complete  the  slope  of  the  curve  should  have  been  sere. 

The  quantity  of  1233  could  have  been  then  determined  by  the  formula  river, 
above.  The  slopes  of  the  reaction  rates  of  GSSG  did  not  appear  to  be 
zero  after  10  to  12  minutes  of  reaction.  They  -were,  however,  small. 

Discussion  of  Assay 

The  enzymatic  method  of  GSSG  quantitation  described  by  Bergmeyer 
(1963)  was  used  in  this  investigation.  One  modification  may  have  caused 
a  decrement  in  the  rate  of  GSSG  reduction.  This  was  the  use  of  a  smaller 
NADPH2  concentration  ir.  the  test  assay.  This  was  necessary  in  order  that 
the  initial  optical  density  (O.D.  at  3^0)  be  less  than  one.  (The  loga¬ 
rithmic  scale  for  CD  on  the  Spectrordc  SCO  spectrophotometer  used  was 
not  graduated  sufficiently  well  to  permit  accurate  readings  in  the  ranges 
above  CD  1.)  A  second  modification  was  the  addition  of  :3D!  (M, ethyl - 
maieimide)  for  the  removal  of  reduced  glutathione.  '.Til  combines  irrevers¬ 
ibly  -with  sulfydryl  groups.  Sufficient  hcTl  -was  added  to  each  test  reaction 
to  remove  all  OSH  oreser.t  from  the  lens  filtrates .  (The  GSH/aliquct  '.-.'as 
equivalent  to  350  mg;!  wet  weight  of  lens.) 

The  reaction  rates  of  reduction  of  GSSG  with  glutathione  reductase 
in  the  presence  of  DADPH-  can  be  calculated  from  data  used  for  the  con¬ 
struction  of  Figure  .-.-3-1.  The  methods  utilised  for  the  determination 
of  rate  constants  and  subsequently  in  the  determination  of  half  life  are 
described  bv  Frost  and  Fearscr.  (1363). 
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It  Is  possible  that  if  we  had  used  a  greater  ar.cunt  of  the  reac 
would  have  gene  essentially  to  completion  by  12  minutes,  and  calculati 
would  have  indicated  a  first  order  reaction.  However,  as  indicated  at 
it  was  not  possible  to  use  a  greater  amount  of  .\«D?Ho  because  of  spect 
photometric  limitations . 


tier. 


;ve, 


Figure  1-1  shows  the  appearance  of  a  lens  cross-section  from  a  control 
and  from  a  C02  laser  irradiated  eye  respectively,  in  which  the  cornea 
had  not  been  perforated.  Both  the  lenses  were  removed  from  eyes  fixed 
in  glutaraldehyde .  The  lens  on  the  left  taken  from  an  unirradiated  eye 
had  a  normal  biconvex  appearance.  In  contrast  the  anterior  portion  of 
the  lens  from  the  irradiated  unpenetrated  eye  had  a  marked  concavity. 
The  free  arrow  shews  the  direction  of  the  irradiating  beam  with  respect 
to  the  lens. 
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Figure  I-2D 


Figure  I-2S 


Figures  I-2D  and  I-2S  shew  the  clinical  appearance  of  the  enucleated 
right  and  left  eyes  of  a  rabbit  months  after  CC5  laser  irrad^a  -iCr. . 
An  arrow  marks  the  periphery  cf  the  whitened  scarred  areas  of  each 
cornea.  Subsequent  histological  examination  (Fig.  I- 3D)  shews  that 
the  upper  cornea  in  Figure  I-2D  had  perforated. 


Figure  I-3D  Histological  appearance  of  the  irradiated  region  of  a 
perforated  rabbit  cornea  shorn  in  Figure  I-2D.  The  free  arrow  shows 
both  the  direction  of  the  irradiating  CO 2  laser  bear*  as  well  as 
curled  end  of  Descemet's  membrane.  The  curled  end  indicates  tha 
Descemet's  membranes  has  been  ruptured  and,  therefore,  that  this 
cornea  had  perforated  (X160  PAS  stain). 
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Figure  1--4D 
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Figure  1-MS 
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Figures  I-4D  and  I-MS  The  appearance  of  lenses  by  retrc-iliuirdnation. 
The  upper  lens  (I-^D)  was  taken  from  an  eye  whose  ccmea  had  perforated 
on  irradiation  with  the  CO,  laser.  The  upper  lens  shows  positive  cata- 
ractcus  change.  The  free  arrows  are  directed  to  scrr.e  of  the  cloudy  re¬ 
gions.  These  changes  were  not  apparent  in  the  lens  of  the  other  eye 
(Figure  I-iS).  The  black  lines  and  specks  in  I-4S  are  artifacts. 
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Figure  I-5D 


Figure  I-5S 
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Figures  I-5D  and  1-53  Histological  appearance  of  the  anterior  region  of 
lenses  excised  from  eyes  (perforated  and  unperforated,  respectively'  on 
CO2  laser  irradiation.  The  upper  figure  shows  a  region  (between  the  arrows) 
of  cataractous  changes  deep  to  the  anterior  lens  capsule,  in  an  eye  in 
which  the  cornea  has  been  perforated.  The  lower  figure  (I-5S)  shows  the 
appearance  of  a  comparable  region  of  the  lens  from  the  unperforated  left 
eye — no  cataractous  changes  are  present.  The  clefts  in  both  sections 
are  artifacts  (.’G.40  H  and  E). 


1  A  diagrammatic  repreu- 1  i:  ,t  i,,tl  af  set-up  employed  in 
this  stiicy  to  email.  *  i  *1.  -  oornea  with  3.  selected  ocr'tl.or. 
of  the  CO2  laser  ceai;  1 .  n.vted  from  a  concave,  front  sur¬ 
face  mirror. 


Figure  ll-t?  Simplified  representation  of  the  system  employed  In  this  study  for  simultaneous 
reconi InK  of  corneal  surface  and  anterior  chamber  temperatures  by  means  of  separate  thermocouples. 
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Figure  II -3  Steady  state  corneal  surface  ar.d  anterior  charter  te: 

perature  elevations  during  CC?  laser  irradiation  of 
rabbit 'cornea.  Each  circle  is  the  average  value  for 
various  irradiating  cover  densities.  The  error  cars 
represent  or.e  standard  deviation. 
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Table  Il-i  Steady  state  temperature  elevation  at  corneal  surface  and  in 
aqueous  during  IC,  laser  irradiation  of  the  eye,  at  various 
power  density  levels.  £  one  standard  deviation.  The  paren¬ 
theses  indicate  the  number  of  eyes  used  for  each  power  density 
determination. 
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Thole  II-2  Steady  state  temperatures  measured 
anterior  segment  of  the  rabbit  eye 
laser  irradiation  of  the  cornea. 


cn  vhs  cornea  and  *  n 
during  continuous  CCo 


Cornea 

Anterior  Chamber 

■HH9| 

— 

Schwarts  1  ?eller(l?62) 

32.3  -  D.49°C 

32.95  ±  C. 74 (mid) 
33.50  ±  1. OK post; 

Sable  II— 3  Average  corneal  ar.d  anterior  chamber  temperatures  of  unirra- 
di.2.w6ci  race  it  6V6S  2.^  room  carr.ceraci.ire  ecrrcared  w*i.Ch  caca 
from  3c hv. 'arts  and  Feller.  The  asterisk  represents  the  average 
of  24  eyes. 
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Power  Density 
(nW/cirr) 

_  * 

Dry 

Wet* 

1000 

14.3°C 

8.5°C 

5  00 

7.4°C 

1.9 4°C 

250 

5.45°C 

1.17°C 

liable  II-4  Temperatures  measured  on  direct  CO?  laser  irradiation  of  a 
chromel — constantan  thermocouple  in  air.  The  asterisk  repre 
sents  the  average  value  for  each  determination.  The  refer¬ 
ence  Junction  -.'.as  in  water  at  22°C.  The  air  temperature 
was  22°C. 


Present  Investigation 

Hoffmann  and  runs (1934) 

Comeal 

Corneal 

Aqueous  Humor  | 

i 

47°C 

43.5°C* 

47-48°C 

42°C 

50°C 

45.4°C* 

50-51° C 

a6-47°C 

Comparison  of  aqueous  humor  temperature  obtained  in  this 
study  with  these  of  Hoffmann  and  Hunz  (193*0  for  similar 
corneal  temperatures.  The  asterisk  represents  the  values 
of  aqueous  humor  temperature  shewn  for  the  present  inves¬ 
tigation  were  obtained  from  the  data  shewn  in  Table  II-3 
and  Figure  II-3.  The  initial  corneal  temperature  in  this 
study  was  32.3°'C,  the  acueous  humor  temcerature  was  3^° 
:-3 


197 


Fig.  Ill 


Fig.  Ill 
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Cross-sectional  view  of  the  ccr.e  -used  in 
focus  the  COo  laser  output.  The  iia~.es e 
opening  (output  port)  is  5  .~i.llir.es ers . 


1-2  A  sketch  os”  the  exrected  sever  density 
region  approximately  5  millimeters  iiss 
of  the  focusing  ccr.e.  Use  height  rough 
the  relative  estimated  cover  density ;  s 
base  corresponds  to  she  dimensions  of  s 
power  densisy  is  markedly  highest  as  sh 
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Figure  III-6  A  view  of  an  anesthetized  rabbit  positioned  for  deter¬ 
mination  of  Intraocular  pressure  changes  during  cone-focused  CCo  laser 
radiation  on  the  mid-anterior  surface  of  the  cornea.  The  manometer- 
system  needle  is  sealed  into  the  anterior  chamber.  The  Kg  mananeter 
depicted  in  Figure  IH-3  is  shown  at  the  right;  the  focusing  cone 
diagrammed  in  Figure  III-l  is  shown  at  the  left. 
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'-7  Simultaneously 
tions  measured 
during  focused 


recorded  pressure  ar.d  temperature  varia- 
ir.  the  anterior  charters  of  ra'c'cit  eyes 


he  ™i-ccrr.63^ 


surface.  The  initial  intra-ocular  pressure  at  aero  tit. 
was  20  ■•""-It — the  initial  point  of  each  pressure  trace  i 
at  this  value.  The  top  pair  of  traces  (pressure  and  te 
perature)  are  for  1.5  second  irradiations  at  6  watts,  t 
middle  ar.d  lower  pair  of  traces  are  for  0.75  second  irr 
diaticns  at  o’  watts.  Each,  irradiation,  started  at  aero 
tire.  The  upper  and  riddle  pairs  of  recordings  were 
made  in  livin'  animals.  In  tn.e  cotton  praph,  the  astir: 
had  die-d  prior  to  irradiation.  Respiration  ar.d  bleed 
oressure  variations  or-.-.v-nt  ir.  the  uroer  two  -trachs  ar- 


Figure  IH-8  View  of  a  rabbit  eye  irrmediately  following  focused  CO2 
laser  Irradiation  (6  watts,  1.5  seconds).  The  transducer  system 
needle  (9  o'clock)  and  the  thermocouple  (12  o'clock)  are  sealed  into 
the  anterior  chamber.  The  site  of  irradiation  in  the  approximate 
center  of  the  cornea  is  visible. 


Figure  TTT-Q  Lateral  views  of  a  rabbit  cornea  before  and  immediately 
following  focused  irradiation  of  the  mid-corneal  surface  'with  a  CO2 
laser  (7  watts,  1  second).  A  portion  of  the  focusing  cone  is  visible 
in  each  view.  In  the  figure  at  the  left,  taken  prior  to  irradiation, 
there  is  a  definite  space  (arrow)  between  the  cornea  and  the  anterior 
surface  of  the  lens.  This  space  is  not  visible  in  the  figure  at  the 
right  taken  immediately  following  irradiation;  the  radius  of  curvature 
of  the  corneal  surface  is  greater  following  irradiation — the  cornea 
appeared  flattened . 


2C4 


Figure  III-10  A  concavity  in  a  fixed  lens  following  CO2  laser  irra¬ 
diation  (6  watts,  1.5  seconds)  of  a  rabbit  cornea.  Ihe  lens  was 
stained  by  inters  ion  in  acid  orcein  following  dissection  from  an 
excised  eye  fixed  in  glutaraidehyde .  The  lens  is  shewn  at  an  oblique 
view.  The  concavity  in  the  center  of  the  anterior  surface  of  the  lens 
I3  located  between  the  arrows.  The  entire  surface  of  the  lens  was 
darkly  stained  except  for  the  region  qf  the  concavity.  The  extent  c 
this  lessened  staining  is  partially  visible  as  the  cloudy-white  regi 
between  the  two  horizontal  and  bottom  arrows.  The  -white  areas  outside 
the  arrows  and  that  within  the  arrows  at  1  o'clock  represent  reflec¬ 
tions  and  are  photographic  artifacts. 
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Each  eye  was  irradiated  and  sampled  only  once  for  aqueous  humor  protein.  The  sites 
of  irradiation  of  the  cornea  were:  (A)  mid-pupillary,  (B)  edge  of  iris,  (C)  mid-iris 
and  (D)  ciliary  body  region. 


Figure  IV-1  Pattern  of  darkening  Figure  17-2  Pattern  produced  in 

of  Thermofax  paper  caused  by  the  Thermofax  paper  by  a  CO2  laser 

CO2  laser  beam  in  a  multimode  beam  assumed  tc  be  operating  in 

condition  a  TEMoo  mode. 


Figure  17-4  The  pattern  produced  cn  Thermofax  paper  by  the  expanded 
CO2  laser  beam  after  passage  through  the  3  millimeter  diameter  aper¬ 
ture.  The  central  area  is  darker  than  the  peripheral  tone.  There 
appears  to  be  uniform  darkening  radially. 
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Figure  IV-5  The  electrophoretic  pattern  on  cellulose  polyacetate  strips 
of  soluble  lenticular  proteins  from  a  pair  of  lenses  from  unirradiated 
rabbit  eyes.  The  sample  was  applied  at  ”0".  The  direction  of  migration 
was  from  left  to  right  towards  the  anode.  Six  separate  bands  with  iden¬ 
tical  mobilities,  visible  on  each  strip,  are  delineated  by  the  lines  be¬ 
neath  the  lower  strip.  (Actual  size) 
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Figure  IV-6  The  electrophoretic  pattern  produced  on  cellulose  polyaceta 
strips  from  an  eye  excised  immediately  following  CC ?  laser  irradiation  o 
an  3  ran  diameter  area  of  the  cornea  (1.5  watts,  90  seconds).  The  strip 
labelled  "L"  is  from  a  lasered  eye;  the  strip  labelled  "C”  is  from  the 
contralateral  control  eye.  The  number  of  bands  and  their  mobilities 
appear  to  be  identical.  The  electrophoretic  strips  appeared  to  have 
six  bands — this  number  of  bands  may  not  be  evident  in  this  photograph 
(Actual  size) 
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Figure  IV-7  The  elwtro^^t^ej^^  irradiation 

an^yl  (lower  strip)  exc J ccx^ared  with  that  from  the  con- 
(1  5  watts,  90  seconds)  crcteir*  groups  on 

trilateral  control  eye.  The  cal. ** The  mobilities  of  the 

cellulose  polyacetate  strips  are  •  --  *  less  than  that  of  the 

slowest  bands  (arrow)  in  the  lower  to  have  beer. 

The  -tiUties  ser,  c&r  In  the  ccr.rol 

remarkably  altered.  -**e  *-* 

strip.  (Strips  actual  si-e.) 
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Fluid  from  anterior  chamber  -  4  days  1 
after  CO?  laser  corneal  j 
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Figure  17-3  The  electrophoretic  pattern  of  lenticular  and  aqueous  humor 
proteins  from  an  eye  four  days  following  CO2  laser  irradiation  (1.5  watts 
90  seconds,  3  mm  diameter  area)  compared  with  that  of  the  contralateral 
control  eye.  (Previous  paracentesis  had  teen  performed  on  the  anterior 
chamber  of  the  control  eye  to  cause  the  formation  of  plasmoid  aqueous 
with  a  high  protein  concentration  in  order  that  the  bands  be  visible . ) 

The  mobility  of  the  bands  produced  by  the  soluble  proteins  from  .  -  - e  xens 
of  the  irradiated  eye  was  comparatively  less  than  that  from  the  lens  of 
the  control  eye.  The  fastest  band  produced  by  the  plasmoid  aqueous  (bot¬ 
tom  strip)  was  greater  than  that  of  either  control  or  irradiated  lenticui 
material;  also  the  mobility  of  the  slowest  band  ’was  greater  than  that  of 
the  slowest  band  of  the  lenticular  protein.  The  pattern  produced  by  the 
aqueous  humor  protein  from  the  irradiated  eye  (third  strip)  appears  to  be 
a  composite  of  both  control  lenticular  and  control  aqueous  humor  proteins 
The  arrows  show  the  site  of  application  of  the  samples.  • 


IJrL'EWD:  (#)  0.8  centimeter  diameter  of  left  eye  radiated  at  l.^>  watts  for  90  secorKis.  'lhe  mobilities  of  the 
electrophoretlcally  separated  bands  of  2800  *  g  supernatant  of  lens  liomogeivite  (3  ml)  are  compared  with  corre- 
pondlng  bands  of  contralateral  control  leas  supernatant.  Other  lenses  were  assayed  for  ascorbic  acid  and 
glutathione,  ’lhe  dashes  In  the  right  liand  sections  mean  that  data  was  not  obtained. 
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Figure  A-l-1  Dlagranmatlc  representation  of  the  C02  laser  and  associated  ancillary  equipment  used  In 
this  study. 
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Figure  A-^-1  A  composite  curve  for  reduced  glutathione  (GSH).  Hie  spectrophotonietrlc  method  of 
Grunert  and  Phillips  (1951)  was  employed.  The  data  points  represent  the  average 
values  froni  a  series  of  separate  standard  curve  determinations ;  the  error  bars  are 
one-  stand;u it  deviation.  ‘11  le  curve  was  not  fitted  statistically. 
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(GSSG;  by  glutathione  reductase  in  the  presence  of  reduced  NADP.  A  modified  method  of 
BcrjTneyer  (1963)  was  employed.  Hie  change  in  optical  density  at  3^0  nn  is  plotted  versus 
lime.  'IlKi  Uiree  essentially  exponential  (iecay  curves  were  obtained  using  identical  con- 
ceiilrallons  of  glutathione  reductase  ;uil  IJAbrib,  foi'  three  dilTeivnt  substrate  concentrations. 


Starciard  curve  for  oxidized  glutathione  (GSSG)  made  by  utilizing  the  enzymatic  method  of 
Beryneyer  (1963).  'Ihe  graph  is  plotted  as  a  change  in  optical  density  at  3^0  m  for  the 
initial  12  minutes  or  reaction  versus  concentration  of  US:3G  in  mlcrograjns .  ('Iiie  straight 
line  is  not  statistically  fitted  to  the  data  points.) 


Figure  A— 5  3  Comparison  of  standard  cuive  obtained  experimentally  with  curve  obtained  from  equation 
by  Iiergjneyer. 
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